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Tower  Ocean  Wave  and  Radar  Dependence  Experiment:  An  Overview 

O.  H.  Shemdin1 

^  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena 

The  Tower  Ocean  Wave  and  Radar  Dependence  Experiment  (TOWARD)  is  a  coordinated  effort, 
involving  both  field  experimentation  and  theoretical  investigations,  to  address  the  divergent  hypoth¬ 
eses  on  the  mechanisms  involved  in  synthetic  aperture  radar  (SAR)  imaging  of  the  ocean  surface.  In 
the  formulation  of  the  experiment  it  was  recognized  that  three  distinct  disciplines  were  to  be 
addressed:  (1)  hydrodynamics,  (2)  radar  backscatter,  and  (3)  SAR  image  processing.  The  field 
operations  were  executed  in  three  6-week  segments  during  the  period  October  1984  to  January  1986. 

The  Naval  Ocean  Systems  Center  tower,  located  offshore  of  Mission  Beach,  San  Diego,  California, 
was  used  as  the  focal  point  for  the  field  operations.  The  primary  measurements  included  in  situ 
capillary  and  short  gravity  waves,  long  surface  waves  and  internal  waves,  ambient  current  and  detailed 
meteorological  measurements,  stereophotography,  tower-based  muitifrequency  radars  and  an  L  band 
SAR  deployed  on  board  the  NASA  CV-990.  The  single  most  significant  result  is  the  determination  that 
none  of  the  available  hypotheses  on  SAR  imaging  of  long  surface  waves  could  be  demonstrated  to 
explain  all  the  SAR  observations  obtained  in  TOWARD. Specific  results  are  reported. 


1.  Introduction 

The  dynamics  of  short  waves  are  intimately  related  to  our 
ability  to  understand  microwave  remote  sensing  techniques, 
especially  the  synthetic  aperture  radar  (SAR).  As  a  result  of 
recent  field  experiments,  major  insights  were  gained  on  the 
dynamics  of  30-cm  long  waves  ( L  band).  The  shorter  3.0-cm 
waves  (*  band)  are  more  sensitive  to  near-surface  currents; 
hence  their  dynamics  are  less  understood  [Hsiao  and  Sltem- 
din,  1983].  There  is  need  for  a  systematic  investigation  of  the 
dynamics  of  short  waves  with  wavelengths  of  1-100  cm  in 
order  to  amend  critical  gaps  in  our  present  knowledge. 

Radar  backscatter  from  the  sea  surface  is  known  to  be 
dominated  by  specular  backscatter  for  incidence  angles  of 
less  than  20°  (nadir  is  0)  and  by  Bragg  backscatter  for 
incidence  angles  in  the  range  20°-70°  [Valenzuela,  1978].  At 
incidence  angles  greater  than  70°,  wave  sheltering  plays  an 
important  role.  Such  a  relatively  simplified  description  of 
backscatter  has  been  questioned  recently  by  Kwoh  and  Lake 
[1983],  who  suggest,  on  the  basis  of  laboratory  studies,  that 
specular  and  wedge  type  backscattering  may  be  significant  at 
incidence  angles  greaterc  than  20°. 

Backscatter  from  the  ocean  is  clearly  dependent  on  such 
environmental  parameters  as  wind  speed,  atmospheric  sta¬ 
bility,  local  currents  induced  by  orbital  velocities  of  long 
surface  waves  or  internal  waves,  and  surface  compressibil¬ 
ity.  A  detailed  understanding  of  the  nature  of  backscattering 
mechanisms  can  be  achieved  only  if  (1)  an  in  situ  description 
of  the  sea  surface  is  obtained  simultaneously  in  wave  num¬ 
ber  scales  that  contribute  to  radar  backscatter  and  (2)  the 
ambient  environment  is  specified  in  its  vicinity  during  the 
same  period. 

While  significant  progress  has  been  achieved  to  date  on 
SAR  imaging  of  ocean  surface  features,  gaps  remain  that 
require  immediate  investigation.  These  gaps  fall  into  three 
categories:  (1)  The  hydrodynamic  description  of  the  ocean 
surface,  in  wave  number  scales  that  contribute  to  back 
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scattering,  under  various  environmental  conditions.  (2)  Ra¬ 
dar  backscatter  mechanisms  from  the  ocean  surface  these 
include  Bragg,  specular,  wedge,  and  tilt  mechanisms;  First- 
and  higher-order  Bragg  scattering  also  require  additional 
investigation.  (3)  The  quantitative  deter'mination  of  the  rel¬ 
ative  importance  of  various  modulation  mechanisms  on  SAR 
imaging  of  the  ocean  surface,  under  various  geometries  and 
environmental  conditions.  These  include,  but  are  not  limited 
to,  the  relationship  between  the  ocean  surface  wave  height 
spectrum  and  the  SAR  image  spectrum,  the  effects  of  focus 
adjustment,  wave  height,  and  wavelength  on  detectability, 
and  the  detection  of  ocean  surface  features  induced  by  slicks 
or  by  the  convergence  or  divergence  of  surface  currents. 
These  above  processes  are  depicted  schematically  in  Figure 
1. 

The  specific  scientific  objectives  of  the  TOWARD  exper¬ 
iment  are  (1)  to  investigate  experimentally  the  linear  and 
nonlinear  hydrodynamics  of  short  surface  waves  modulated 
by  long  waves,  (2)  to  verify  assumptions  stipulated  in  radar 
backscatter  theory  that  are  used  in  SAR  imaging  of  the  ocean 
surface,  and  (3)  to  develop  a  verifiable  theory  for  SAR 
imaging  of  the  ocean  surface. 

Because  it  was  recognized  from  the  outset  that  a  multidis¬ 
ciplinary  data  set  is  required  to  resolve  the  outstanding 
issues,  the  following  guidelines  were  adopted  for  the  TO¬ 
WARD  experiment:  (1)  Use  a  stable  platform  so  that  mea¬ 
surements  of  short  waves  and  radar  backscatter  can  be  free 
of  platform  motion.  (2)  Provide  simultaneous  measurements 
of  short  waves,  long  waves,  and  relevant  environmental 
parameters.  (3)  Obtain  SAR  images  of  the  ocean  surface  at 
various  azimuthal  angles,  hcight-to-velocity  ratios,  and  en¬ 
vironmental  conditions.  (4)  Provide  SAR  digital  recording 
and  processing  to  facilitate  precise  variations  in  SAR  pro¬ 
cessing  parameters.  (5)  Incorporate  specialized  sensors  for 
measuring  surface  tension,  decay  rate  of  short  waves,  and 
near-surface  wind  speed. 

2.  The  Field  Site  and  Measurement 
Capabilities 

The  Naval  Ocean  Systems  Center  (NOSC)  tower  was  used 
as -the  stable  platform  for  the  TOWARD  experiment.  The 
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Fig.  1.  Schematic  of  processes  involved  in  SAR  imaging  of  the  ocean  surface. 


tower  is  located  at  32°47'N  and  il7°17'W,  1.4  km  offshore  of 
Mission  Beach,  San  Diego,  California,  in  18-m  water  depth. 

The  NOSC  tower  is  situated  in  the  Southern  California 
Bight,  the  western  end  of  which  is  delineated  by  the  Channel 
Islands  of  southern  California  (see.  Figure  2).  The  North 
Pacific  storms  generate  waves  which  propagate  as  swell  to 
southern  California  and  enter  the  Southern  California  Bight 
through  the  windows  between  the  Channel  Islands.  A  typical 
storm  is  shown  in  FJigure  3.  Southern  swell  is  also  encoun¬ 
tered  at  the  tower  from  distinct  South  Pacific  storms.  The 
latter  is  generally  smaller  in  amplitude  and  longer  in  period 
than  the  North  Pacific  swell. 

The  bathymetry  surrounding  the  NOSC  tower  is  given  by 
Tajirian  [this  issue].  The  water  depth  10  km  offshore  of  the 


tower  exceeds  100  m  (50  fathoms).  The  water  depth  de¬ 
creases  gradually  to  18  m  at  the  tower  site.  The  window  to 
the  North  Pacific  Ocean  is  oriented  at  290°T  from  the  tower 
site.  This  orientation  was  used  to  align  the  flight  pattern  over 
the  tower,  as  is  discussed  by  Tajirian  [this  issue). 

The  TOWARD  data  sets  were  obtained  during  three 
phases  of  intensive  measurements.  Phase  I  was  executed 
during  October  2  to  November  7,  1984,  and  phase  II  was 
executed  during  March  4  to  April  1,  1985.  The  wind  speed 
and  significant  wave  height  occurrences  in  both  phases  I  and 
II  are  shown  in  Figure  4.  Phase  I  corresponded  to  less  active 
environmental  conditions  and  a  well-defined  mixed  layer. 
Phase  II  corresponded  to  more  intense  wind  and  waves  and 
no  mixed  layer.  A  third  phase  of  measurements,  denoted  by 


Fig.  2.  Southern  California  Bight,  showing  the  location  of  the  NOSC  tower  and  windows  of  wave  approach  from  the 
North  Pacific  to  Torrey  Pines  Beach  and  the  NOSC  tower  [after  Gaza,  1986). 
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Fig.  3.  Typical  winter.storm  in  the  North  Pacific  from  which  ’  •»  '  sand  bottom  ’,*  '  *  • 

swell  propagates  to  and  penetrates  the  Southern  California  Bight.  Fig.  5.  Subsurface  and  atmospheric  measurements  recorded  at 
This  event  was  depicted  at  1200  UT  on  November  2,  1984.  NOSC  in  support  of  TOWARD. 


FREQUENCY  RANGE 


SIGNIFICANTWAVE  HEIGHT  (cm) 
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“Mini-TOW ARD,”  was  executed  during  December  15-20, 
December  1985,  and  January  21-24,  1986.  The  latter  phase 
was  added  to  obtain  a  complementary  data  set  on  wind 
measurements  very  close  to  the  water  surface,  using  the 
wave  follower  as  a  platform. 

The  experimental  resources  utilized  are  briefly  reviewed 
below. 

2. 1 .  In  Situ  Measurements 

The  in  situ  measurements  included  the  following: 

Directional  short  waves.  The  wave  follower,  discussed 
by  Shemdin  and  Hwang  [this  issue],  was  used  to  measure 
two  components  of  wave  slope  and  the  wave  height  of  short 
waves.  Optical  sensors  that  were  mounted  on  the  wave 
follower  were  used.  A  laser  and  optical  receiver  system  was 
mounted  on  a  C  frame,  forming  an  optical  bench  that: 
followed  the  water  surface  displacement  of  long  waves  while 
measuring  slopes  and  heights  of  the  short  waves. 

Directional  long  waves.  A  submerged  pressure  gauge 
array,  composed  of  four  pressure  sensors,  was  used  at  the 
NOSC  tower  for  this  purpose.  In  addition,  an  electromag¬ 
netic  current  meter  and  a  pressure  gauge  were:  placed  on  the 
fixed  frame  of  the  wave  follower  to  provide  directional 
properties  of  long  waves  at  the  wave  follower  position.  Both 
systems  provided  directional  properties  of  long  waves  to 
within  a  directional  resolution  of  ±25°. 

A  third  system,  composed  of  an  electromagnetic  current 
meter  mounted  on  the  C  frame,  provided  two  horizontal 
components  of  current  in  the  wave  following  frame.  The 
latter  system  was  used  primarily  to  provide  near-surface 
current  measurements  needed  to  remove  the  Doppler  con¬ 
tribution  to  frequency  in  the  wave  slope  and  height  measure¬ 
ments. 

A  C  frame  vertical  displacement  sensor  was  included  to 
provide,  in  combination  with  the  C  frame  error  gauge,  the 
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Fig.  6.  Surface  waves,  30  cm  long,  generated  by  the  circular  wave  generator. 


local  vertical  water  surface  displacement.  This  measurement 
is  comparable  to  that  provided  by  the  pressure  sensor  that  is 
mounted  on  the  fixed  frame.  The  pressure  gauge  provided 
more  accurate  measurements  at  frequencies  below  the  cutoff 


TABLE  1.  System  Characteristics  of  JPL  L  Band  Synthetic 
Aperture  Radar  on  the  CV-990  Aircraft 


Parameter 

Value 

Center  frequency,  GHz 

1.225 

Wavelength,  cm 

24.5 

Pulse  length,  ps 

4.9 

Bandwidth,  MHz 

19.3 

Peak  power,  kW 

4 

Antenna  azimuth  beam  width,  deg 

18 

Antenna  range  beam  width,  deg 

75 

Antenna  beam  center  gain,  dB 

12 

Nominal  altitude,  km 

6-12 

Nominal  ground  speed,  m/s 

225 

Sweep  time  (optical),  ps 

55 

Sweep  length  (optical),  mm 

25 

Nominal  pulse  repetition  frequency 

700  pps 

Swath  width  (quadrature 

7 

polarization  mode) 

Resolution  (4  looks) 

Slant  range  x  azimuth 

8  x  13 

(Digital),  m 

Slant  range  x  azimuth 

12  x  15 

(Optical),  m 

Incidence  angle,  deg 

Nadir  to  57 

Polarization 

HH,  VV,  HV,  VH 

Linear  dynamic  range— Power,  dB 

Digital 

22 

Optical 

12 

Azimuth  pixel  spacing,  m 

11.0 

Slant  range  pixel  spacing,  m 

7.5 

Ground  range  pixel  spacings,  m 

At  30° 

15 

At  50° 

9.8 

Number  of  pixels  (range  x  azimuth) 

927  x  1024 

frequency  (0.3  Hz)  which  is  imposed  by  the  depth  position  of 
the  sensor.  For  frequencies  higher  than  0.3  Hz  the  C  frame 
displacement  sensor  provided  superior  measurements. 

Surface  energy  tension.  A  system  that  utilizes  the  con¬ 
cept  of  surface  adhesion  between  a  plate  and  ocean  water 
was  used  to  measure  surface  tension. 

Meteorological  measurements.  A  complete  set  of  mete¬ 
orological  measurements,  including  wind  stress,  were  ob¬ 
tained,  as  reported  by  Geernaert  et  al.  [this  issue].  A  second 
set  of  measurements  which  included  only  wind  speed  and 
direction,  air  temperature,  and  water  temperature  were 
acquired  by  NOSC  (see  Figure  5). 

Ambient  oceanographic  measurements.  A  thermistor 
chain,  shown  in  Figure  5,  was  used  to  measure  instantaneous 
temperatures  at  several  elevations  distributed  over  the  entire 
water  column.  An  electromagnetic  current  meter  was  de¬ 
ployed  5.0  m  below  the  water  surface  to  provide  the  two 
horizontal  components  of  the  ambient  current.  The  ther- 
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TABLE  2.  SAR  Data  Processing  Characteristics 


Parameter 

Value 

Four  optical  channels 

HH,  VV,  HV,  VH 

Four  digital  subframes 

HH,  VV,  HV,  VH 

Angle  of  incidence  at  center  of 

35 

image,  deg 

Optical/digital  slant  range 
coverage,  km 

Quadrature  polarization 

7 

mode 

Dual  polarization  mode 

12 

Along  track  coverage,  km 

Optical 

60 

Digital  (raw) 

30 

Digital  (image) 

11 

Digital  image  size 

927  pixels  range  x 
1024  pixels  azimuth 

Optical  image  size, 

Cross  track 

50  mm 

Along  track 

1:250,000 

Pulse  repetition  frequency 

3  x  (CV-990  ground  speed,  m/s) 

At  200  m/s 

600 

At  250  m/s 

750 

Digital  image  pixel  spacings,  m 

7.5  m  slant  range  x 
11.0  azimuth 

mistor  chain  and  current  meter  were  operated  continuously 
throughout  phases  I  and  II  but  were  removed  in  phase  III. 

Bragg  wave  generator  (“ bobbing  buoy").  This  device  is 
basically  a  free-floating  buoy  that  has  within  it  a  moving 
mass  which  is  capable  of  oscillating  the  buoy  vertically  at  a 
prescribed  frequency  set  by  the  frequency  of  the  interior 
mass  motion.  The  buoy  was  designed  to  generate  waves  in 
the  frequency  range  2.S-3.5  Hz,  which  correspond  to  circu¬ 
lar  waves  with  lengths  in  the  L  band  range.  A  typical  wave 
system  generated  by  this  buoy  is  shown  in  Figure  6.  An 
extensive  set  of  measurements  were  obtained  in  mini- 
TOWARD;  the  bobbing  buoy  was  operated  in  the  proximity 
of  the  wave  follower  and  in  the  view  of  the  stereo  cameras. 

2.2.  Tower-Based  Radar  Measurements 

The  tower-based  remote  measurement  capabilities  de¬ 
ployed  at  the  site  are  briefly  reviewed  below. 


Multifrequency  radars.  Two  multifrequency  radar  sys¬ 
tems  were  operated  at  the  tower,  in  both  phases  I  and  II  of 
TOWARD.  One  was  operated  by  the  Jet  Propulsion  Labo¬ 
ratory  (JPL),  and  the  other  was  operated  by  the  University 
of  Kansas.  Both  systems  covered  the  frequency  range  1-15 
GHz.  In  addition,  the  Naval  Research  Laboratory  (NRL) 
operated  an  L  band  radar  in  phase  I  and  L  and  Ku  band 
radars  in  phase  II. 

Stereophotography.  An  extensive  set  of  wave  height 
measurements  using  stereophotography  was  obtained  during 
all  three  phases  of  TOWARD.  All  the  photographs  were 
taken  from  the  tower.  The  cameras  were  placed  apart  at  an 
elevation  above  the  mean  water  level  such  that  a  minimum 
base-to-height  ratio  of  0.4  could  be  achieved.  A  horizontal  T 
bar  was  placed  approximately  3.0  m  above  the  mean  water 
level  to  provide  target  calibration  for  the  cameras.  The 
lenses  were  set  at  different  incidence  angles  to  capture 
various  scales  of  the  sea  surface. 

2.3.  Airborne  Measurements 

The  primary  aircraft  in  the  TOWARD  experiment  was  the 
NASA  CV-990  on  which  the  JPL  L  band  SAR  was  deployed. 
This  SAR  system  was  equipped  with  both  optical  and  digital 
recording  and  processing  capabilities.  The  system  character¬ 
istics  are  given  in  Table  1.  The  flights  followed  a  prescribed 
pattern  that  is  shown  in  Figure  7.  The  nominal  altitudes  were 
11,585,  6098,  and  2134  m;  they  were  flown  to  vary  the 
aircraft  range-to-velocity  ratio.  Variation  of  the  latter  was 
achieved  in  the  range  15-50  s.  The  data  processing  charac¬ 
teristics  of  this  system,  in  both  optical  and  digital  modes,  are 
given  in  Table  2. 

3.  Participation 

The  organizations,  investigators,  and  associated  activities 
in  the  field  operations  of  the  experiment  are  shown  in  Table 
3. 

The  data  analysis  was  supervised  by  three  discipline 
review  committees.  The  hydrodynamics  committee  con¬ 
sisted  of  S.  R.  Borchardt  (chair),  W.  D.  Garrett,  G.  Geer- 
naert,  R.  Guza,  B.  A.  Hughes,  P.  Hwang,  M.  S.  Longuet- 


TABLE  3.  Participation  in  TOWARD  Experiment 


Organization 

Investigator(s) 

Activity 

Jet  Propulsion 

T.  W.  Thompson 

aircraft  SAR  measurements 

Laboratory 

D.  Hoff 

wave  follower  construction  and 

S.  V.  Hsiao 

operation 

in  situ  short  waves  and  wind  data 

D.  Held 

processing 

SAR  digital  image  processing 

W.  Brown 

multifrequency  tower  radar  measurements, 

Naval  Postgraduate 

K.  Davidson,  S.  Larsen, 

stereophotography 

wind  stress  measurements  with  sonic  and 

School 

G.  Geemaert 

hot  film  sensors 

Naval  Ocean 

P.  Hanson,  J.  Olsen 

tower  support;  environmental 

Systems  Center 

measurements 

Naval  Research 

W.  Plant,  W.  Keller 

L  band  tower  radar  measurements;  SAR 

Laboratory 

simulation  of  "velocity  bunching”  model 

W.  Garrett 

measurement,  analysis,  and  modification  of 

Scripps  Institution 

R.  Guza 

surface  slicks  and  surface 
compressibility 

Directional  longwave  measurements, 

of  Oceanography 

ambient  tower  measurements 

University  of 

R.  Moore 

Multifrequency  tower  radar 

Kansas 

University  of 

R.  Harger 

SAR  simulation  of  "distributed  surface 

Maryland 

model” 
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LASER  SLOPE  SENSOR  SYSTEM 


SURFACE  TENSION 


STEREO  PHOTOGRAPHY 

OIRECTIONAL  SPECTRUM  OF 
LONG  WAVES 


WIND  SPEED/DIRECTION 
WINO  STRESS 


THERMISTOR  CHAIN 


SUBSURFACE  CUHRENT 
TOWER  RADAR  BACKSCATTER 


-  U  Ka:  MULTI-FREQ. 

-  JPL:  MULTI-FREQ. 

-  NRL:  L,  Ku 


SAR 

-  L  BANO 

-  X  BAND 

RAR 

-  X  BAND 
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Higgins,  O.  M.  Phillips,  and  J.  Wu.  The  radar  backscatter 
committee  comprised  R.  K.  Moore  (chair),  W.  E.  Brown, 
Jr.,  K.  Davidson,  G.  P.  deLoor,  A.  K.  Fung,  S.  P.  Gogincni, 
B.  Green,  W.  Keller,  D.  Kwoh,  W.  J.  Pierson,  and  M.  G. 
Wurtele.  The  SAR  imaging  committee  comprised  W.  J.  Plant 
(chair),  W.  Alpers,  W.  E.  Brown,  Jr.,  R.  0.  Harger,  K. 
Hasselmann,  D.  Held,  and  D.  R.  Lyzenga. 

These  committees  review^  d  the  acquired  data  sets  and 
established  analysis  priorities  in  relation  to  the  stated- 
TOWARD  objectives.  They  also  reviewed  the  data  report 
and  results  presented  by  the  investigators  in  periodic  review 
meetings  held  for  this  purpose. 

4.  Data  Analysis  Approach  and  Overview 
of  Results 

The  acquired  TOWARD  data  sets  and  corresponding 
periods  of  measurements  are  shown  in  Figure  8.  Table  4 
shows  the  data  sets  in  relation  to  the  objectives  stated  for  the 
TOWARD  experiment. 

Initial  priority  in  data  analysis  was  assigned  to  those  data 
sets  needed  to  validate  the  SAR  imaging  models.  For  this 
purpose,  priority  was  assigned  to  those  days  where  high- 
quality  SAR  images  were  obtained  in  desirable  oceano¬ 
graphic  environments.  These  are  shown  in  Tables  5  and  6  for 
phases  I  and  II,  simultaneously.  For  example,  high  priority 
was  assigned  to  the  data  sets  recorded  on  October  31,  1984. 
On  this  day  a  dominant  swell  propagated  through  the  tower 
site,  the  SAR  images  of  ocean  waves  were  of  good  quality, 
and  the  in  situ  and  tower  based  radar  measurements  had 
been  recorded  successfully  during  the  flight  period. 

During  the  SAR  overflights  the  near-surface  and  in  situ 
measurements  at  the  tower  site  were  coordinated  (1)  to  yield 
data  sets  that  complemented  the  SAR  data  (for  example, 
tower-based  radars  were  set  at  the  same  incidence  angles, 


35°,  as  the  tower  location  in  the  SAR  image)  and  (2)  to 
provide  ocean  surface  measurements  that  could  be  used  as 
input  for  simulating  the  SAR  image.  Here,  the  emphasis  was 
on  providing  data  sets  that  could  be  utilized  for  validating  the 
SAR  imaging  models. 

The  L  band  SAR  images  from  all  flights  were  carefully 
scrutinized  to  determine  the  influence  of  environmental 
parameters  on  SAR  imaging.  Optical  images  were  used  to 
scan  a  large  area  of  the  ocean  in  the  vicinity  of  the  NOSC 
tower.  Digitally  processed  images  were  compared  with  op¬ 
tically  processed  ones  to  establish  the  gain  achieved  with 
digital  processing.  From  these  standard  products,  10  digital 
frames  were  selected  from  the  phase  I  flights  for  detailed 
focusing  studies  as  described  by  Tajirian  [this  issue]. 


TABLE  4.  Matrix  of  TOWARD  Science  Objectives  Versus 
Acquired  Data  Sets 


Test  Test  Understand 
SAR  Radar  Hydrodynamic 
Imaging  Backscatter  Modulation  of 
Data  Set  Theories  Models  Short  Waves 


Laser  slope  sensor  system 

X 

X 

X 

Stercophotography 

X 

X 

X 

Surface  tension 

X 

X 

X 

Diicctional  spectrum  of  long 

X 

X 

X 

waves 

Meteorological  data 

X 

X 

X 

Thermistor  chain 

X 

Subsurface  current 

X 

Multifrequency  tower  radars 

L  band  SAR 

X 

X 

X 

X  band  SAR 

X 

X  band  RAR 

X 

X 

RAR,  real  aperture  radar. 
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TABLE  5.  Environmental  Conditions  During  Flights  in  Oclober-Novcmbcr  1984:  Phase  1  [after 

Guzti,  1986]. 


Oct.  17,  1984 

Oct.  31,  1984 

Nov.  4,  1984 

Nov,  7,  1984 

Time  analyzed* 

1250-1413 

1300-1600 

1512-1625 

1412-1625 

Wind  speed,  knotst 

15 

6-8 

5-7 

10 

Wind  direction,  deg 

-275 

-280 

-300 

-250 

Mean  current  5  m 

<5 

<5 

<5 

-10 

below  surface,  cm/s 

Significant  wave 

126 

124 

158 

110 

height,  cm 

Air  temperature,  °C 

17.2 

17.5 

18.5 

17.5 

‘Times  arc  in  Pacific  daylight  time  before  and  Pacific  standard  time  sifter  0200  October  28,  1984. 
tOnc  knot  equals  0.51  m/s. 


In  the  intervals  without  SAR  overflights,  the  tower  mea¬ 
surements  were  coordinated  to  provide  fundamental  under¬ 
standing  of  the  hydrodynamics  of  short  wave  modulation  by 
long  waves  and  to  understand  the  mechanisms  of  radar 
backscatter  from  the  ocean  surface.  Here,  simultaneous 
measurements  with  the  different  tower  radars,  the  stereo¬ 
cameras,  and  the  wave  follower  with  laser-optical  slope 
sensor  were  recorded.  For  example,  at  small  incidence 
angles,  the  stereo  cameras  and  the  laser-optical  slope  sensor 
were  operated  simultaneously  over  ocean  patches  in  close 
proximity  of  each  other.  For  other  (higher)  incidence  angles, 
radar  backscatter  measurements  and  stcrcophotographs 
were  obtained  in  overlapping  footprints.  .Simultaneous  with 
the  above  measurements,  recordings  of  the  ambient  environ¬ 
ment  (e.g.,  wind  stress,  wind  speed  and  direction,  current 
both  near  the  water  surface  and  5.0  m  below  the  mean  water 
level,  air  and  water  temperatures,  and  surface  energy)  were 
obtained  at  the  same  location. 

The  first  scientific  output  from  TOWARD  is  a  collection  of 
eight  papers  presented  in  this  issue.  The  results  to  date  are 
outlined  below: 

1 .  The  probability  density  functions  of  wave  slope  suggest 
Gaussian  distribution  for  wave  frequencies  of  less  than  2.5  Hz 
and  non-Gaussian  distribution  for  wave  frequencies  greater 
than  7.5  Hz.  It  is  inferred  that  the  longer  ocean  waves  arc 
weakly  coupled,  as  expected,  but  that  the  very  short  waves  are 
strongly  coupled,  i.e.,  that  they  experience  possibly  strong 
nonlinear  interaction.  The  transition  from  weakly  to  strongly 
coupled  short  waves  is  expected  to  be  dependent  on  wind 
speed  and  sea  state  [Hwang  and  Shemdin,  1988]. 

2.  The  measured  wave  slope  spectra  in  TOWARD  have 


significantly  different  intensity  levels  compared  to  predic¬ 
tions  by  Pierson  and  Stacy  [1973]  for  equivalent  wind  speeds 
[Shemdin  and  Hwang,  this  issue]. 

3.  Radar  backscatter  tesults  from  the  University  of  Kan¬ 
sas  multifrequcncy  radar  suggest  that  sea  spikes  do  not 
contribute  significantly  to  the  average  backscattcred  power 
at  L  band  for  the  geometries  implemented  in  TOWARD.  Sea 
spike  occurrence  increases  with  radar  frequency  and  with 
wind  speed  [Shemdin  et  ai.,  1986]. 

4.  Radar  backscatter  results  suggest  that  cross-wind  or 
cross-wave  modulation  does  occur  and  that  it  constitutes  an 
important  mechanism  for  SAR  imaging  of  azimuthally  trav¬ 
eling  waves.  There  is  also  data  indicating  that  the  radar 
backscatter  spectrum  has  a  small  peak  near  the  dominant 
frequency  of  long  waves  [Shemdin  et  ai.,  1986]. 

5.  SAR  focusing  results  for  azimuth-traveling  waves 
indicate  that  waves  are  most  detectable  at  a  focus  setting 
that  is  of  the  order  of  the  wave  phase  velocity  [Tajirian,  this 
issue]. 

6.  Based  on  data  analysis  results  to  date,  neither  the 
“velocity  bunching”  model  nor  the  “distributed  surface” 
model  can  explain  all  the  TOWARD  observations.  A  com¬ 
prehensive  theory  is  advanced  that  incorporates  both  veloc¬ 
ity  bunching  and  distributed  surface  concepts  [Harger  and 
Korman,  this  issue;  Kasilingam  and  Shemdin,  this  issue; 
Lyzenga ,  this  issue]. 

7.  Stcreophotography  provides  a  reasonable  estimate  of 
the  directional  wave  number  spectrum  in  the  wavelength 
range  6-60  cm.  The  omnidirectional  spectrum  in  this  range 
does  not  validate  the  Donelan  and  Pierson  [1987]  model 
[Shemdin  et  al.,  this  issue]. 


TABLE  6.  Environmental  Conditions  During  Flights  in  March  1985:  Phase  li  [after  Gitza,  1986] 


Day  in  March  1985 


13 

18 

19 

20 

24 

25 

26 

27 

Time  analyzed. 

1320-1630 

1230-1420 

1300-1530 

1300-1600 

1310-1500 

1300-1450 

1240-1520 

1320-1600 

PST 

Wind  speed,  knots* 

7-4  (D) 

5-10  (1) 

8 

8 

4-6 

8 

7 

8 

Wind  direction 

I80°-290° 

300°-310° 

265-280°  (V) 

300’-3l0° 

280°-300°  (V) 

240° 

240°-260°  (V) 

230°-260°  (V) 

Mean  current  5  m 

<3 

4-8 

<3 

<5 

<3 

<3 

1-7 

3-6 

below  surface,  cm/s 

Significant  wave 

88 

79 

143 

129 

85 

127 

144 

104 

height,  cm 

Air  temperature,  CC 

11-14  (I) 

11.5-13(1) 

13.7 

13.6 

13.5 

13,4 

13.7 

13.3 

Notation  is  as  follows.  1,  increasing;  D:  decreasing:  V,  veering. 
‘One  knot  equals  0.51  m/s. 


13,836 


Shemdin:  Tower  Ocean  Wave  and  Radar  Dependence  Experiment 


Acknowledgments.  The  success  of  the  TOWARD  experiment 
would  not  have  been  possible  without  the  operational  support 
provided  by  a  number  of  orf  <■  izations,  which  is  gratefully  acknowl¬ 
edged  here.  The  tower  facility  and  support  for  operation  were 
provided  by  Naval  Ocean  Systems  Center  (NOSC)  through  Jurgin 
H.  Richter.  Daily  weather  forecasts  were  provided  by  Collin 
Campbell  of  the  Navy  Oceanographic  Command  Facility,  San 
Diego.  Robert  Lawson  of  the  Office  of  Naval  Research,  Pasadena, 
coordinated  and  controlled  the  TOWARD  flights  over  the  NOSC 
tower  with  the  Radar  Air  Traffic  Control  Center,  located  at  Naval 
A>r  Station,  Miramar.  The  NASA  CV-990  aircraft  was  operated  by 
Ames  Research  Center.  The  aircraft  participation  was  arranged 
through  John  Reller;  George  Grant  acted  as  mission  director.  The 
U.S.  Marine  Corps  (VMFP-3)  at  El  Toro,  California,  provided 
RF-4B  aircraft  with  X  band  synthetic  aperture  radars.  The  U.S. 
Army  (111  Corps)  at  Fort  Hood,  Texas,  provided  OV-l(D)  aircraft 
with  X  band  real  aperture  radars.  Water  transportation  between 
Mission  Beach  and  the  tower  was  provided  by  NOSC.  The  respon¬ 
sive  support  of  EN-2  William  Edward  Ball  and  his  crew  aboard 
“Florida  33”  contributed  frequently  to  successful  data  sessions, 
especially  in  changing  weather  conditions.  Logistical  support  and 
coordination  were  provided  by  Bobbie  Videon,  test  director.  Instru¬ 
mentation  support  (two  electromagnetic  currrent  meters)  during 
“Mini-TOWARD"  was  provided  by  Ed  Thornton  of  the  Naval 
Postgraduate  School,  Monterey.  The  foresight  and  support  of  Rob¬ 
ert  Winokur  in  the  planning  and  early  execution  stages  are  credited 
for  the  technical  successes  that  followed.  The  Office  of  the  Chief  of 
Naval  Operations  provided  support  for  the  principal  investigator  in 
the  planning  and  early  execution  stages  of  the  experiment.  Most 
importantly,  the  unwavering  endorsement  and  support  of  the  syn¬ 
thetic  aperture  radar  Program  of  the  Office  of  Naval  Research,  with 
Cdr.  Thomas  S.  Nelson  as  program  manager  and  Hans  Dolezalek  as 
scientific  officer,  is  responsible  for  the  successful  conclusion  of  this 
effort. 


References 

Donelan,  M.  A.,  and  W.  J.  Pierson,  Jr.,  Radar  scattering  and 
equilibrium  ranges  in  wind-generated  waves  with  application  to 
scatterometry,  J.  Geophys.  Res.,  92,  4971-5029,  1987. 

Geernaert,  G.  L.,  K.  L.  Davidson,  S.  E.  Larsen,  and  T.  Mikkelsen, 
Wind  stress  measurements  during  the  Tower  Ocean  Wave  and 
Radar  Dependence  Experiment,  J.  Gcopliys.  Res.,  this  issue. 

Guza,  R.  T.,  Surface  gravity  wave  measurements,  in  Investigation 
of  Physics  of  Synthetic  Aperture  Radar  in  Ocean  Remote  Sens¬ 
ing,  TOWARD  Interim  Report,  vol.  II,  Jet  Propulsion  Laboratory, 
Pasadena,  Calif.,  1986. 

Harger,  R.  O.  and  C.  E.  Korman,  Comparisons  of  simulated  and 


actual  synthetic  aperture  radar  gravity  wave  images,  J.  Geophys. 
Res.,  this  issue. 

Hsiao,  S.  V.,  and  0.  H.  Shemdin,  Measurement  of  wind  velocity 
and  pressure  with  a  wave-follower,  J.  Geophys.  Res.,  88,  9841— 
9849,  1983. 

Hwang,  P.  A.,  and  0.  H.  Shemdin,  The  dependence  of  sea  surface 
slope  on  atmospheric  stability  and  swell  conditions,  J.  Geophys. 
Res.,  this  issue. 

Kasilingam,  D.  P.,  and  O.  H.  Shemdin,  Theory  for  synthetic 
aperture  radar  imaging  of  the  ocean  surface:  With  application  to 
the  Tower  Ocean  Wave  and  Radar  Dependence  Experiment  on 
focus,  resolution,  and  wave  height  spectra,  J.  Geophys.  Res.,  this 
issue. 

.vwoh,  D.,  and  B.  Lake,  Microwave  backscattering  from  short 
gravity  waves:  A  deterministic,  coherent,  and  dual-polarized 
laboratory  study,  Rep.  37564-6001-UT-00,  TRW,  Redondo  Beach, 
Calif.,  1983. 

Lyzenga,  D.  R.,  An  analytic  representation  of  the  synthetic  aperture 
radar  image  spectrum  for  ocean  waves,  J.  Geophys.  Res.,  this 
issue. 

Pierson,  W.  F.,  Jr.,  and  R.  A.  Stacy,  The  elevation,  slope,  and 
curvature  spectra  of  a  wind  roughened  sea  surface,  NASA  Con¬ 
tract  Rep.,  CR-2247,  126  pp.,  1973. 

Shemdin,  O.  H.,  TOWARD  84/85  science  plan,  technical  report,  54 
pp.,  Jet  Propul.  Lab.,  Calif.  Inst,  of  Technol.,  Pasadena,  1984. 

Shemdin,  O.  H.,  and  P.  A.  Hwang,  Comparison  of  measured  and 
predicted  sea  surface  spectra  of  short  waves,  J.  Geophys.  Res., 
this  issue. 

Shemdin,  0.  H.,  et  al..  Investigation  of  Physics  of  Synthetic 
Aperture  Radar  in  Ocean  Remote  Sensing,  TOWARD  Interim 
Report,  2  vols.,  Jet  Propulsion  Laboratory,  Pasadena,  Calif., 
1986. 

Shemdin,  0.  H.,  H.  M.  Tran,  and  S.  C.  Wu,  Directional  measure¬ 
ment  of  short  waves  with  stereophotography,  J.  Geophys.  Res., 
this  issue. 

Tajirian,  E.  K.,  Multifocus  processing  of  L  band  synthetic  aperture 
radar  images  of  ocean  waves  obtained  during  the  Tower  Ocean 
Wave  and  Radar  Dependence  Experiment,  J.  Geophys.  Res.,  this 
issue. 

Valenzuela,  G.  R.,  Theories  for  the  interaction  of  electromagnetic 
and  ocean  waves:  A  review,  Boundary  Layer  Meteorol.,  13, 
63-85,  1978. 


O.  H.  Shemdin,  Ocean  Research  and  Engineering,  255  South 
Marengo  Avenue,  Pasadena,  CA  91101. 

(Received  September  7,  1987; 
accepted  June  23,  1988.) 


JOURNAL  OF  GEOPHYSICAL  RESEARCH,  VOL.  93,  NO.  CU.  PAGES  13,837-13,848,  NOVEMBER  15,  1988 


Theory  for  Synthetic  Aperture  Radar  Imaging  of  the  Ocean  Surface : 
With  Application  to  the  Tower  Ocean  Wave  and  Radar  Dependence 
Experiment  on  Focus,  Resolution,  and  Wave  Height  Spectra 
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Omar  H.  Shemdin1 

Jet  Propulsion  Laboratory,  Pasadena,  California 

A  one-dimensional  model  is  developed  to  simulate  azimuthal  synthetic  aperture  radar  (SAR)  imaging 
of  the  ocean  surface.  The  model  developed  here  is  general  and  can  admit  both  the  “distributed  surface" 
and  the  “velocity  bunching"  approaches.  Computer  simulations  are  performed  to  test  the  validity  of  this 
model.  The  simulations  show  that  the  time-dependent  modulation  patterns  due  to  the  radar  cross  section 
variation  and  the  velocity  bunching  effects  give  optimum  focusing  around  half  the  phase  velocity  of  the 
long  wave.  It  is  shown  that  the  focus  dependence  is  due  to  an  incoherent  integration  process  and  not  due 
to  motion  induced  phase  errors.  It  is  argued  that  the  radar  reflectivity  is  correlated  over  distances  small 
in  comparison  with  the  SAR  resolution.  In  the  simulations  the  radar  reflectivity  is  assumed  to  be 
spatially  decorrelated.  Also  given  are  the  relative  importance  of  the  various  effects  that  degrade  the 
azimuthal  resolution.  It  is  shown  that  the  limited  radar  temporal  coherence  due  to  the  velocity  spread  of 
short  waves  degrades  the  azimuthal  resolution  of  the  SAR.  This  coherence  time  depends  on  sea  state  and 
radar  wavelength.  It  is  shown  that  the  orbital  acceleration  effects  are  small  in  comparison  with  the 
smearing  due  to  the  velocity  spread.  It  is  found  that  the  degraded  azimuthal  resolution  of  the  radar 
minimizes  the  nonlinear  effects  of  velocity  bunching.  The  simulations  show  that  in  the  Tower  Ocean 
Wave  and  Radar  Dependence  Experiment  (TOWARD),  SAR  imaging  at  L  band  is  reasonably  linear. 


1.  Introduction 

The  imaging  of  stationary  scenes  using  synthetic  aperture 
radar  (SAR)  is  well  understood  [Brown,  1967;  Harger,  1970], 
The  imaging  of  moving  scenes  has  also  been  studied  suc¬ 
cessfully  to  the  extent  that  one  is  able  to  interpret  images  of 
rigid  targets  moving  with  regular  velocities  and  accelerations 
[Roney,  1971].  But  the  same  cannot  be  said  about  imaging 
moving,  nonrigid,  distributed  targets  like  the  ocean  surface. 
Considerable  work  is  reported  on  SAR  imaging  of  the  ocean 
surface.  Various  imaging  models  have  been  proposed,  of  which 
two  have  been  recognized  to  represent  the  primary  viewpoints. 
One  viewpoint  is  the  so  called  “distributed  surface”  or  “phase 
velocity  hypothesis”  model  [Jam,  1978,  1981;  Harger,  1986], 
and  the  other  is  the  so  called  “velocity  bunching”  or  "orbital 
velocity  hypothesis”  model  [Elaclti anti  Brown,  1977;  Swift  and 
Wilson,  1979;  Alpcrsand  Rufenach,  1979;  Plant  and  Keller, 
1983].  Unfortunately,  neither  model  has  been  able  to  suc¬ 
cessfully  predict  all  the  observations  in  the  Tower  Ocean 
Wave  and  Radar  Dependence  Experiment  (TOWARD).  In 
this  paper  a  model  is  developed  from  fundamental  radar  back- 
scatter  and  SAR  imaging  theories  to  explain  the  pecularities  of 
imaging  the  ocean  surface.  The  theory  has  been  formulated  in 
such  a  manner  that  it  elucidates  not  only  the  imaging  mecha¬ 
nisms  but  also  the  focus  dependence,  image  resolution  and 
scattering  processes.  An  attempt  is  also  made  to  merge  the 
finer  points  of  the  existing  theories  into  one  comprehensive 
model.  It-is  suggested  that  the  proposed  model  has  a  general 
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application,  the  limits  of  which  will  be  determined  from 
TOWARD  and  other  experiments. 

The  velocity  bunching  theory  is  based  on  the  premise  that 
in  SAR  imaging,  targets  with  slant  range  directed  velocities 
are  shifted  in  the  azimuthal  direction  of  the  image  plane 
[Raney,  1971].  For  azimuth-traveling  ocean  waves,  the  vari¬ 
able  orbital  velocities  result  in  scattering  elements  on  the 
ocean  surface  being  shifted  by  different  amounts  in  the  azi¬ 
muthal  direction.  This  in  turn  results  in  these  scatterers 
bunching  and  dilating  in  the  image  plane.  Larson  el  al.  [1976] 
were  the  first  to  suggest  this  modulating  mechanism.  Swift  and 
Wilson  [1979]  and  Alpers  and  Rufenach  [1979]  developed 
most  of  the  theory  associated  with  the  velocity  bunching 
effect.  The  basic  assumption  behind  this  theory  is  that  the 
surface  may  be  divided  into  scattering  elements  whose  dimen¬ 
sions  arc  smaller  than  the  intrinsic  resolution  of  the  synthetic 
aperture  radar  and  that  the  radar  return  from  each  element  is 
completely  decorrelated  from  the  others.  The  latter  assump¬ 
tion  appears  to  be  valid,  as  no  evidence  to  the  contrary  exists. 
Associated  with  each  scattering  clement  is  the  local  orbital 
velocity  and  orbital  acceleration  of  the  moving  ocean  surface. 
For  azimuth-traveling  waves,  the  orbital  velocity  modulates 
the  image  through  the  velocity  bunching  mechanism.  The  or¬ 
bital  acceleration  smears  the  image  in  the  azimuthal  direction. 
The  spatial  variability  of  this  smear  also  results  in  a  weak 
image  modulation.  Hasselnumn  et  al.  [1985]  give  a  good 
review  of  the  principles  on  which  the  velocity  bunching  phe¬ 
nomenon  is  based.  Unfortunately,  velocity  bunching  has  not 
explained  the  focus  dependence  of  the  imaging  process  and 
especially  its  connection  to  the  phase  velocity  of  the  dominant 
wave.  Alpers  el  al.  [1981]  state  explicitly  that  the  optimum 
focus  setting  has  no  relation  to  the  phase  velocity  of  the  domi¬ 
nant  wave.  They  also  maintain  that  focusing  is  determined  by 
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the  orbital  acceleration  only,  instead  of  the  general  space-time 
variability  of  the  ocean  surface.  This  has  led  the  velocity 
bunching  theory  to  give  unrealistic  estimates  of  the  degra¬ 
dation  of  azimuthal  resolution.  More  recently,  the  concept  of 
coherence  time  of  the  radar  reflectivity  has  been  incorporated 
in  the  velocity  bunching  model  [Alpers  and  Brucniiuj,  1986]. 

The  distributed  surface  model  was  first  suggested  by  Jain 
[1978].  This  theory  predicts  that  the  SAR  image  is  a  combi¬ 
nation  of  an  amplitude  modulation  due  to  straining  of  short 
waves  by  long  waves  and  a  phase  modulation  due  to  tilting  by 
long  waves.  It  implicitly  assumes  that  the  ocean  surface  is 
correlated  over  distances  greater  than  the  SAR  intrinsic  reso¬ 
lution  Owing  to  the  lack  of  reliable  experimental  evidence  this 
question  still  remains  a  contentious  issue.  Jain  [1981]  shows 
that  a  variable  azimuthal  shift  due  to  slant  range  directed 
velocities  may  be  obtained.  But  he  views  this  as  only  a  smear¬ 
ing  process  and  not  a  "fundamental  imaging  mechanism.” 
Harper  [1986],  also  using  a  distributed  surface  theory,  shows 
that  the  SAR  image  is  obtained  by  superposing  individual 
images  from  separate  shortwave  components  riding  on  a 
single  long  wave  The  hydrodynamic  description  incorporated 
by  Hargcr  is  based  on  Phillips'  [1981]  model,  which  is  a  two- 
scale  sinusoidal  interaction  between  short  waves  and  long 
waves.  The  latter  model  specifies  shortwave  characteristics  at 
all  phase  locations  of  the  long  waves.  In  the  ocean  the  short¬ 
wave  spectral  components  are  correlated  over  distances  of  the 
order  of  a  few  wavelengths  [</e  Loor,  1983].  For  SAR  in  the 
region  where  Bragg  scattering  holds,  this  implies  that  the 
radar  reflectivity  is  correlated  over  distances  of  the  order  of  a 
few  Bragg  wavelengths.  Harger’s  treatment  of  SAR  imaging 
aspeets,  however,  appears  to  be  realistic.  Jain  and  Hargcr  pre¬ 
dict  focusing  around  the  phase  velocity. 

In  this  paper  a  theory  is  developed  based  on  well-accepted 
SAR  concepts.  The  ideas  are  expanded  in  such  a  manner  that 
one  is  able  to  bring  together  the  different  imaging  mechanisms 
as  predicted  by  the  distributed  surface  and  the  velocity  bunch¬ 
ing  viewpoints.  An  attempt  is  made  to  study  the  relative  im¬ 
portance  of  the  different  modulating  mechanisms.  The  theory 
has  been  developed  so  that  the  velocity  bunching  effect  and 
the  radar  cross  section  modulation  due  to  tilting  and  straining 
are  clearly  discernible.  More  importantly,  the  focusing  effect  of 
the  azimuthal  processor  [T ajirian,  1986;  Jain  and  Slwnulin, 
1983]  on  the  different  modulating  mechanisms  is  examined.  It 
is  shown  that  the  velocity  bunching  process  gives  optimum 
focus  around  half  the  phase  velocity  of  the  dominant  wave. 
The  radar  cross  section  modulation  also  focuses  around  half 
the  phase  velocity.  The  degradation  in  the  azimuthal  resolu¬ 
tion  of  SAR  is  found  to  be  due  to  the  limited  temporal  coher¬ 
ence  of  the  radar  reflectivity.  In  this  paper  an  attempt  is  made 
to  delineate  this  effect.  It  is  shown  that  the  primary  factor  is 
the  time  variability  of  the  short  and  intermediate  waves  and 
that  this  effect  is  defined  by  a  radar  coherence  time. 

The  model  proposed  here  requires  estimates  of  the  corre¬ 
lation  distance  and  the  coherence  time  of  the  radar  reflectivity 
of  the  ocean  surface.  Basically,  these  two  quantities  may  be 
obtained  experimentally  from  field  data.  The  TOWARD  data 
sets  allow  experimental  determination  of  the  coherence  time 
but  not  the  correlation  distance.  The  radar  coherence  time 
limits  the  useful  integration  time  of  the  SAR  and  therefore 
restricts  the  SAR  resolution.  Attempts  have  been  made  to  de¬ 
termine  this  quantity  theoretically  [ Tucker ,  1985/;;  Alpers  and 
Bruening ,  1986],  but  there  is  uncertainty  about  the  validity  of 
these  theoretical  values  It  appears  more  certain  to  use  field 
data  to  determine  the  coherence  time.  Such  work  is  presently 


in  progress  using  TOWARD  measurements.  Some  preliminary 
results  arc  included  in  the  appendix. 

As  was  stated  previously,  the  correlation  distance  of  the 
radar  reflectivity  is  also  important.  If  the  radar  correlation 
distance  is  greater  than  the  intrinsic  azimuthal  resolution  of 
the  SAR,  the  radar  returns  from  adjacent  image  cells  will  be 
correlated.  In  this  case  the  radar  return  will  have  a  strong 
dependence  on  the  local  longwave  slope  which  moves  at  the 
phase  velocity  of  the  long  wave.  The  experimental  evidence, 
which  is  minimal,  suggests  that  the  radar  correlation  distance 
is  smaller  than  the  intrinsic  resolution  of  the  radar.  It  is  rec¬ 
ommended  that  tests  be  incorporated  in  future  experimen¬ 
tation  to  clarify  this  point.  A  description  of  the  correlation 
distance  is  given  in  the  appendix.  The  present  model  also 
requires  adequate  knowledge  of  the  radar  cross  section  modu¬ 
lation  (tilt  and  hydrodynamic)  which  is  used  as  an  input.  Con¬ 
siderable  work  has  been  reported  on  measuring  this  quantity 
[ Plant  el  al,  1983;  Moore  el  al.,  1986;  Wright  et  al.,  1980], 
Nevertheless,  there  remain  questions  about  magnitude  of  the 
modulation  transfer  function  of  azimuthally  traveling  waves 
and  especially  concerning  the  assumption  of  its  linear  depen¬ 
dence  on  the  wave  slope.  In  this  paper  the  best  estimates  of 
these  quantites  arc  used,  based  on  the  TOWARD  measure¬ 
ments. 

The  present  analysis  concentrates  on  azimuth-traveling 
waves  and  azimuthal  imaging,  because  it  is  this  aspect  of  the 
imaging  process  that  is  least  understood.  The  theory  devel¬ 
oped  here  is  described  in  section  2  and  is  first  applied  to 
monochromatic,  azimuthally  traveling  ocean  waves  in  section 
2.1.  Such  idealized  analysis  provides  useful  insight  into  the 
physics  of  SAR  imaging  of  ocean  waves.  Next,  the  analysis  is 
extended  to  random  ocean  waves  specified  by  a  given  ocean 
wave  spectrum  in  section  2.2.  Monte  Carlo  simulations  are 
carried  out  to  study  the  imaging  of  the  ocean  surface.  The 
latter  analysis  helps  to  understand  the  process  of  wave 
number  filtering  and  the  effects  of  nonlinear  imaging.  Numeri¬ 
cal  computations  based  on  the  above  theory  are  presented  in 
section  3.  The  results  are  discussed  in  section  4. 

2.  SAR  Imaging  of  the  Ocean  Surface 

The  two-scale  model  [ Wright ,  1968;  Valenzuela,  1978]  has 
been  used  extensively  to  model  radar  backscatter  from  the 
ocean  surface.  Tucker  [1985n]  introduced  a  variation  of  this 
model,  the  so-called  SAR  two-scalc  model,  which  is  more  ap¬ 
plicable  to  SAR  simulations.  This  model  divides  the  ocean 
surface  into  two  scales:  the  long  scale,  nominally  given  by 
wave  numbers  of  less  than  the  SAR  azimuthal  cutofi'  wave 
number,  and  the  short  scale,  given  by  wave  numbers  greater 
than  this  wave  number.  In  the  analysis  introduced  here  the 
SAR  two-scale  model  is  assumed  implicitly. 

The  SAR  imaging  process  is  shown  schematically  in  Figure 
I.  The  antenna  is  mounted  on  an  aircraft  moving  in  the  x 
direction  (azimuth)  with  velocity  V  (in  meters  per  second)  at  a 
slant  range  of  R0.  The  radar  return  signal  at  time  t  is  given  by 
IJasik,  1961 J 

y( i)  =  |  |  P(.v,  y,  mi  ~  2 R„/c) 

■A(x-Vt,y)dxtly  (1) 

where  /;(.\,  .t,  t )  is  the  time-variant  reflectivity  of  the  ocean 
surface.  F(t  ~  2 R0,c)  is  the  radar  pulse  function,  and 
.i(.\  -  Ft,  y)  is  the  antenna  pattern.  The  reflectivity  includes 
both  Bragg  and  specular  scattering  components. 
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Fig.  I .  Geometry  of  SAR  imaging  of  ocean  waves. 


For  clarity  and  simplicity  it  is  assumed  that  the  azimuth- 
directed  antenna  pattern  is  a  Gaussian  as  follows: 

A{x,  y)  =  exp  (-2 'x*/V*T0*)AJM  (2) 

where  T0  is  the  SAR  integration  time.  This  assumption  allows 
simplification  of  the  algebra  considerably  without  sacrificing 
fundamental  aspects  of  mechanisms  involved  in  the  imaging 
process.  The  radar  pulse  function  is  of  the  form 

F(t)  =  exp  [  -  i(2nfr  t  +  af2)]  rect  (r/t0)  (3) 

where  fr  is  the  radar  frequency,  a  is  the  chirp  rate  (for  ranging), 
and  r0  is  the  duration  of  the  pulse.  The  range  dependence  of 
F(f  —  2 R0/c)  introduces  a  quadratic  phase  dependence  on  x. 

The  antenna  output  is  passed  through  a  matched  filter  to 
integrate  and  focus  the  SAR  image.  The  matched  filter  impulse 
response  is  taken  to  be 

/i(0  =  exp  [f(fc0  U2t2/R0  +  at2)]  (4) 

where  fc0  is  the  radar  wave  number  and  U  is  the  matched  filter 
velocity  parameter  given  by 

V  =  F(1  -  Z)  (5) 

where  is  the  focusing  parameter.  For  stationary  scenes,  fo¬ 
cusing  is  achieved  when  /,  —  0.  The  filter  output  is  the  convo¬ 
lution  of  g(t)  with  the  filter  impulse  response  and  is  given  by 

/(')  =  f  tj(r)ft(t  -  t)  dx  (6) 


The  ranging  is  done  at  half  the  velocity  of  light.  Therefore 
the  time  variance  of  the  scene  can  be  neglected  in  range,  In 
this  analysis  the  range  integration  (y  direction  in  (1))  is  not 
considered  so  as  to  focus  on  azimuthal  imaging.  The  SAR 
response  function  in  the  slant  range  direction  is  given  by  Jain 
£1981]  and  Wakqsugi  et  al.  [1986].  Furthermore,  if  the  pulse 
rate  is  sufficiently  high  to  satisfy  the  sampling  criteria  in  azi¬ 
muth,  then  one  may  replace  the  pulsed  return  with  a  continu¬ 
ous  return.  Therefore  for  simplicity  the  pulse  function, 
F(t  -  2 R0/c),  is  dropped  except  for  the  quadratic  phase  term, 
exp  (  —  ik0x2/R0).  The  image  intensity  is  given  by  the  square  of 
the  amplitude  of  the  output, /(f).  These  modifications  in  equa¬ 
tions  (1),  (4),  and  (6)  give  the  mean  image  intensity  as 

M  ot?  /M-0 0  F  GO  /•+<*> 

</(')>  =  </>(*„  T,)p*(Xj,  Tj) 

o  J— cc  J—  CO  00 

•exp  [2ifc0/i'(.v„  t,)]  exp  [~2ik0h\x2,  t2)]> 

•exp  [ ~ik0[Xl  -  Vt ,)2/R0] 

■exp  [— 2(.v,  -  Fr,)2/F27'02] 


•exp  [ik0U2(t  -  t ,)2/R0]  exp  [ifc0(.Y2  -  Ft2)2/R0] 
•cxp[-2(.v2-  Kt2)2/F2T02] 

•exp  [ ~ik0U2(t  -  t2)2/R0]  dx,  <1. x2  dr,  dx2  (7) 

where  /i'(.v,  r)  is  equal  to  the  projection  of  the  longwave  height 
onto  the  slant  range  direction.  This  dependence  of  (7)  on  the 
longwave  height  is  due  to  the  advcction  of  the  short  waves  by 
the  long  waves. 

The  following  new  variables  are  defined: 

.v  =  -y,  -  ,\*2  (8n) 

X  =  ---‘  (86) 

T  =  T,  -  T2  (8c) 

T  =  —  2>  (8d) 

</>/>*)(■ Y,  A",  T,  T)  =  <p(.Yj,  t,)/)*(.y2,  t2) 

■  exp  [2iVi'(.y„  t,)]  exp  [-2fk0/i'(.Y2,  t2)]>  (8e) 
Substituting  (8)  into  (7)  yields 

/*  +  ao  (*  +  00  /*  +  oo 

</(()>  =  <PP*>(.Y,  X,  T,  T) 

J-  00  J-x  J-oo  J-  00 

•exp  [-(.Y  -  Ft )2/F2T02] 

•exp  l~4(X  -  F7')2/F2T02] 

•exp  [— 2 ik0x(.X  -  F7’)/R0] 

•exp  [2ifc0F(X  -  U2t/V)xlRa\ 

■  exp  t - 2 ik0(V2  -  U2)Tt/R0]  dx  dX  dx  dT  (9) 

Equation  (9)  shows  that  the  mean  image  is  a  map  of  the 
time-dependent  covariance  of  the  complex  radar  reflectivity 
given  by  (8c?).  The  variables  .y  and  t  reflect  the  SAR  image's 
dependence  on  the  spatial  correlation  and  on  the  time  coher¬ 
ence  of  the  radar  reflectivity,  respectively.  Most  field  data 
imply  that  the  radar  return  is  only  coherent  over  a  finite  time 
period  [Flam  and  Keller,  1983].  At  the  same  time  the  evidence 
suggests  that  the  radar  correlation  distance  is  generally 
smaller  than  the  intrinsic  resolution  of  the  SAR  (11  x  1 1  m  for 
the  system  used  in  TOWARD).  In  the  following  derivation  the 
radar  reflectivity  is  assumed  to  be  spatially  decorrelated  while 
having  partial  temporal  coherence.  The  covariance  of  the  re¬ 
flectivity  may  be  assumed  to  be  (sec  the  appendix) 

<PP*>(. y,  X,  t,  T)  =  o(X,  T)  exp  [2ik0xU0(X,  T) 

•cos  0]  exp  (— t2/t c2)8{x)  (10) 

where  xc  is  the  coherence  time  of  the  ocean  surface  radar 
reflectivity,  a(X,  T )  is  the  time-dependent  radar  cross  section, 
0  is  the  angle  of  incidence  and  U0(X,  T)  is  the  vertical  compo¬ 
nent  of  the  orbital  velocity.  Substituting  (10)  into  (9)  yields 


Z'4'^0  +  GC  /M 

J—CC  J-  X  J- 


o(X,  T)  exp  (-T2/tf2) 


■exp  [2ik0xU0(X,  T)  cos  0]  exp  (  — r2/T02) 
■exp  [  —  4(A'  —  F7')2/F27J)2] 

•exp  [2i7c0F(/Y  -  C/Jf/F)r/R0] 

•exp  [— 2ifc0(F2  -  1/2)Tt/R0]  dX  dx  dT 
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Note  that  the  time  dependence  of  the  orbital  velocity  is  pre¬ 
served.  U0( X,  T)  includes  the  acceleration  effect.  But  unlike 
the  velocity  bunching  approach,  in  this  method  the  general 
space  time  variability  of  the  orbital  velocity  is  utilized.  This 
approach  results  in  a  proper  understanding  of  the  azimuthal 
focusing  effect.  In  (1 1),  integrating  in  r  gives 

/*  +  00  p  ■♦•00 

</(»)>  -  nl,2T0'  T) 

J-  CO  J-QO 

■exp  [-4(X  -  VT)2/V2T021 
•exp  {-n2[X-U't  -  V'T 
+  (R0/V)U0'(X,  T)Y/c02}  dT  dX  (12 a) 

where  the  azimuthal  resolution  is 


Eo  — 


;-o*o 
2  VT0' 


and  the  effective  integration  time  TJ  is  given  by 


(12*) 


(12c) 


magnitude  and  phase  of  the  modulation  transfer  function 
[Wright  et  al,  1980;  Plant  et  ai,  1983],  respectively.  U0,  C,  k, 
and  co,  are  the  vertical  component  of  the  longwave  orbital 
velocity,  phase  velocity,  wave  number,  and  frequency,  respec¬ 
tively.  It  has  been  implicitly  assumed  that  the  radar  cross 
section  is  linearly  related  to  the  longwave  height.  Linear  wave 
theory  relates  the  orbital  velocity  of  the  long  waves  to  their 
wave  height.  Substituting  (13)  in  (12)  yields 

</«)>  =  ttl,2T0'  f+"  <r0[l  +  RffJJQ  cos  (k,X  -  w,T  +  </>,)] 
J- 00 

■exp  [—4 (X-VTf/V'Tjl 

-exp  {— 7t2[AT  —  C/'f  —  V'T 

HRJV)V0'  sin  (k,X  -  w,T)]7e02}  dT  dX  (14) 

Noting  that  both  radar  cross  section  modulation  and  Doppler 
velocity  modulation  have  similar  functional  dependences  on  X 
and  T,  making  the  substitution 

X'  —  X  —  CT  (15a) 

VT'=VT-X  (156) 


The  velocities  U\  W,  and  U0'  are  given  by 

v 

U0’(X,  T)  =  U0(X,  T)  cos  0 


and  integrating  in  V,  one  gets 


P  +  00 

(12c)  ■  ff0[l-  +  HU0/C)  cos  (k,X'  +  0,)] 

J- 00 


exp  {  — n2[3f'  -  U"t  +  (RJV)U 0" 


The  Gaussian  dependence  of  the  antenna  pattern  results  in  a 
response  function  that  is  also  Gaussian.  This  is  because  the 
SAR  response  function  is  the  Fourier  transform  of  the  azi¬ 
muthal  antenna  pattern.  One  may  substitute  any  other  an¬ 
tenna  pattern  by  simply  replacing  the  Gaussian  in  (12a)  by  the 
Fourier  transform  of  the  real  antenna  pattern. 

Equation  (12)  is  the  basic  SAR  equation  for  azimuthal 
imaging  of  ocean  waves.  It  shows  that  the  imaging  process 
effectively  maps  a  two-dimensional  input  function  onto  a  one¬ 
dimensional  output  function.  This  equation  may  be  solved  for 
different  forms  of  a(X,  T)  and  U0{X,  T).  The  former  is  an 
amplitude  modulation  effect  and  is  due  to  the  tilting  and 
straining  of  short  waves  by  the  long  waves.  The  second  modu¬ 
lating  term  is  a  frequency  modulation  due  to  the  motion  ef¬ 
fects  and  results  in  the  velocity  bunching  phenomenon. 

2.1.  SAR  Imaging  of  Monochromatic 
Ocean  Waves 

In  the  TOWARD  experiment  the  ocean  surface  was  imaged 
during  a  period  of  dominant  swell.  The  swell  system  was  rea¬ 
sonably  narrow  band  and  may  be  idealized  by  monochro¬ 
matic  ocean  waves.  In  this  section,  (12).is  solved  for  a  mono¬ 
chromatic  wave  to  gain  the  simplified  insight  into  the  SAR 
imaging  mechanisms  of  ocean  waves.  For  such  a  monochro¬ 
matic  wave  it  may  be  assumed  that ; both  radar  cross  section 
and  orbital  velocity  modulations  are  sinusoidal.  That  is,  o(X, 
T)  and  UJX,  T)  have  the  forms 

o(X,  T)  =  <r0[l  +  R,(U0/Q  cos  (k,X  -  m,T  +  0,)]  (13a) 
U0’(X,  T)  =  UJ  sin  (k,X  -  m,T)  (13 b) 

where  o0  is  the  mean  radar  cross  section  and  R,  and  <f>,  are  the 


■sin  (fc,X')]2/e2}/(e/c0)  dX'  (16a) 

where 

V"  =  V  -  C  (166) 

u°" = yzy'  u°'  (16c) 

(V~C\[.  [nVT0T0’(V2 -V1 -VOfY'2 

l  V-oO'-C)  '  Jj 

(16d) 

Equation  (16)  is  the  imaging  equation  for  monochromatic 
ocean  waves.  Note  how  the  resolution  depends  on  the  focus¬ 
ing  parameter  U  and  how  the  velocity  bunching  effect  is  de¬ 
pendent  on  the  focus-dependent  parameter  U0".  This  equation 
is  utilized  to  determine  the  focus  dependence,  the  resolution, 
and  the  image  quality  for  a  sinusoidal  long  wave. 

A  close  examination  of  (16)  shows  the  stretching  (or  shrink¬ 
ing)  effects  of  the  longwave  phase  velocity.  Unless  properly 
corrected,  the  dominant  wavelength  of  the  image  will  be 
V/(V  —  C)  the  wavelength  of  the  ocean  surface  wave.  If  the 
wave  is  traveling  in  the  same  direction  as  the  SAR  platform  it 
will  result  in  a  decrease  in  the  azimuthal  wave  number,  and  if 
it  is  traveling  in  the  opposite  direction  it  will  result  in  an 
increase  in  the  azimuthal  wave  number.  For  waves  traveling  at 
an  angle  to  the  SAR  platform  velocity  this  effect  would  result 
in  a  rotation  of  the  waves. 

2.2.  Imaging  of  Random  Ocean  Surfaces 

A  more  general  model  of  the  ocean  surface  is  to  assume  the 
ocean  surface  to  be  random  with  a  specific  spectral  shape. 
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Many  theoretical  and  experimental  forms  such  as  the  JONS- 
WAP  spectrum  [Hasselmann  et  ai,  1973],  the  Pierson- 
Moskowitz  spectrum  [Pierson  and  Moskowit 1964]  and  the 
Phillips  spectrum  [ Phillips ,  1977]  have  been  proposed.  In  this 
section  the  spectrum  is  assumed  to  be  simply  P(k).  Using  the 
Karhunen-Loeve  expansion  [ Papoulis ,  1965],  the  ocean  sur¬ 
face  wave  height  may  be  represented  by  a  linear  superposition 
of  different  harmonics.  The  wave  height  is  specified  to  be 
,v 

/i(,Y,  T)  =  (2A *)•'*  Y  Pl>%)  cos  (k,X  -  w,T  +  </.,)  (17) 

(-  i 

where  the  phase  (f>,  has  a  uniform  distribution  with  a  second 
moment  given  by 

<Mj*>  =  J  t,j  (18) 

A k  is  the  step  size  in  the  spectral  domain  and  is  given  by 
A  k  —  kH  |  —  kj. 

Assuming  linear  wave  theory,  the  orbital  velocity  is  given  by 
a  similar  superposition 

N 

U0(X,  T)=(2Ak)'n  Y.  m,P,/J(/r,)  Sin  ( k,X(o,T<f> ,)  (19) 

i»  i 

Similarly,  the  radar  cross  section  is  assumed  to  be 

<r(X,  T)  =  <rl\+  (2Afc)l/J  Y  RWUi(k,) 

L  i"  i 

•  cos  (k,X  -  co,T  +  <}>,  +  0()J  (20) 

where  R,  and  <ji,  are  the  magnitude  and  the  phase  of  the 
modulation  transfer  function  at  the  different  harmonics,  re¬ 
spectively.  The  cross  section  modulation  is  assumed  to  be 
linear.  This  assumption  is  based  on  the  two-scale  model  of 
Wright  [1968],  The  validity  of  this  linearity  assumption  re¬ 
mains  unresolved. 

The  crucial  difference  between  the  model  presented  here  and 
that  of  Alpers  and  Brueniiuj  [1986]  is  that  this  model  preserves 
the  time  dependence  of  the  radar  cross  section  and  the  orbital 
velocity.  In  the  present  theory,  (12a)  is  an  integration  in  space 
and  time.  The  theory  of  Alpers  and  Bruening  assumes  a 
“frozen”  ocean  surface  and  integrates  in  space  only.  The  time 
variability  of  the  orbital  velocity  in  their  theory  is  included 
incorrectly  by  an  acceleration  term.  It  is  the  space-time  depen¬ 
dence  in  the  radar  cross  section  and  in  the  orbital  velocity  that 
generate  the  focus  dependence  on  the  phase  velocity  of  the 
long  wave.  The  difference  explains  why  Alpers  and  Bruening 
have  not  produced  estimates  of  the  focus  shift  that  are  consis¬ 
tent  with  observations. 

Substituting  (19)  and  (20)  into  (12),  the  SAR  image  corre¬ 
sponding  to  a  random  ocean  surface  is  obtained,  subject  to  the 
assumptions  stipulated  above.  One  may  extend  the  analysis  to 
do  Monte  Carlo  or  other  forms  of  statistical  simulations  of  the 
ocean  wave  height  spectra.  The  numerical  results  obtained  in 
this  paper  are  given  in  the  next  section. 

3.  Numerical  Analysis 

The  TOWARD  ocean  conditions  are  assumed  to  be  R0  = 
14.0  km  (aircraft  altitude  of  11.5  km),  V  =  225  m/s,  T0  =  1.75 
s,  and  0  =  35  .  The  radar  is  assumed  to  be  L  band  with  a 
nominal  wavelength  of  25  cm.  Analytical  expressions  for  the 
coherence  time  of  the  radar  reflectivity  of  the  ocean  surface 
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Fig.  2.  Simulated  image  intensity  of  a  120-m  monochromatic 
ocean  wave  with  a  wave  amplitude  of  0.36  m.  Curve  1,  optimum  focus 
setting  (8  m/s):  curve  2,  zero  focus  setting  (0  m/s). 


and  the  velocity  spread  associated  with  it  are  given  by  Beal  et 
al.  [1983],  Tucker  [19856],  and  Alpers  and  Bruening  [1986], 
Owing  to  the  lack  of  experimental  evidence,  there  is  some 
uncertainty  in  the  accuracy  of  these  expressions.  In  the  simula¬ 
tions  that  follow  the  coherence  time  is  varied  in  the  range 
0.03-0.2  s,  to  give  suitable  agreement  with  existing  SAR  field 
data  [ Tajirian ,  1986], 

For  the  above  conditions,  (16)  is  used  to  generate  one¬ 
dimensional  images  of  monochromatic  ocean  waves.  Figure  2 
shows  the  image  of  a  120-m  monochromatic  wave  with  a  wave 
amplitude  of  0.36  m  traveling  in  the  same  direction  as  the 
aircraft.  The  magnitude  and  phase  of  the  modulation  transfer 
function  arc  assumed  to  be  5  and  45°,  respectively.  The  coher¬ 
ence  time  is  equal  to  0.1  s.  Curve  1  in  Figure  2  is  adjusted  to 
give  the  maximum  contrast,  with  the  corresponding  optimum 
focus  setting  being  equal  to  approximately  8  m/s.  The  image 
has  been  corrected  for  wave  stretching  effects.  The  phase  speed 
of  the  120-m-dccp  water  wave  is  approximately  13.5  m/s.  The 
effective  modulation  transfer  function,  which  includes  the  ve¬ 
locity  bunching  contribution,  is  approximately  20,  clearly  indi¬ 
cating  that  the  velocity  bunching  effect  plays  an  important 
role  in  the  imaging  of  a  monochromatic  wave  at  an  aircraft 
altitude  of  1 1.5  km.  Note  how  the  crest  of  the  image  coincides 
with  the  trough  of  the  ocean  wave,  and  vice  versa.  The  second 
harmonic  content  is  approximately  15%  of  the  fundamental, 
reflecting  a  reasonably  linear  imaging  process  for  TOWARD 
type  conditions.  Curve  2  in  Figure  2  shows  the  image  at  zero 
focus.  The  magnitude  of  the  fundamental  harmonic  for  zero 
focus  is  about  10%  smaller  than  that  of  optimum  focus. 

Figure  3  shows  similar  images  for  a  wave  amplitude  of  1.08 
m.  All  the  other  parameters  arc  kept  equal.  The  focus  setting 
is  set  equal  to  8  m/s.  For  this  sea  state,  the  second  harmonic  is 
found  to  be  20%  of  the  fundamental,  indicating  some  nonlin¬ 
ear  behavior.  The  nonlinear  effects  arc  induced  primarily  by 
velocity  bunching.  The  velocity  bunching  effects  arc  visually 
evident.  When  the  coherence  time  is  reduced  from  0.1  s  to  0.05 
s,  as  would  be  expected  in  high  sea  states,  the  second  harmon¬ 
ic  drops  to  about  2.5%  of  the  fundamental.  Therefore  in  high 
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Fig.  3.  Simulated  image  intensity  of  a  120-m  monochromatic 
ocean  wave  with  a  wave  amplitude  of  1.08  m.  Other  parameters  are  as 
in  Figure  2.  Curve  I,  =  0.1  s:  curve  2,  r,  =  0.05s. 


sea  states  it  is  anticipated  that  the  nonlinear  effects  can  be 
diminished,  with  a  corresponding  degradation  in  SAR  resolu¬ 
tion. 

The  intensity  modulation  variations  obtained  by  varying 
the  focusing  parameter,  *,  are  shown  in  Figure  4.  These  curves 
are  calculated  for  different  values  of  the  radar  coherence  time. 
Figure  4  shows  focusing  curves  which  correspond  to  coher¬ 
ence  times  of  0.05,  0.1  and  0.2  s.  The  other  parameters  arc  the 
same  as  indicated  for  Figure  2.  All  three  curves  seem  to  focus 
between  C/4  and  C.  This  is  consistent  with  field  observations. 
Furthermore,  the  curves  exhibit  broad  peaks  indicating  a 
weak  dependence  on  the  focusing  parameter.  This  is  to  be 
expected,  as  the  degradation  due  to  defocusing  is  small  in 
comparison  with  the  degradation  due  to  the  velocity  spread. 
Figure  5  shows  the  focusing  curves  for  three  aircraft  altitudes. 
1 1.5  km,  6.1  km,  and  2.1  km.  The  curves  demonstrate  that  the 
focusing  is  only  weakly  dependent  on  the  (R/F)  ratio.  This  is 
an  important  result.  It  has  been  suggested  by  the  proponents 
of  the  velocity  bunching  viewpoint  that  the  focusing  depends 
strongly  on  the  (R/F)  ratio.  The  observations  of  D.  F.  Leotta 
and  F.  K.  Li  (Focusing  studies  of  SAR  ocean  wave  images 
collected  during  the  TOWARD  experiment,  submitted  to  Jour¬ 
nal  of  Geophysical  Research,  1988)  confirm  in  TOWARD  a 
small  dependence  of  focusing  on  aircraft  altitude  and  hence  on 
the  (R/F)  ratio. 

Figure  6  shows  the  focusing  curves  for  two  monochromatic 
waves,  one  traveling  in  the  same  direction  as  the  aircraft 
(curve  1)  and  the  other  traveling  in  the  opposite  direction  to 
the  aircraft  (curve  2).  The  aircraft  altitude,  velocity,  and  inte¬ 
gration  time  are  kept  the  same.  Note  how  the  two  focusing 
curves  are  not  symmetric  about  the  ordinate.  This  is  because 
the  velocity  bunching  effect  is  dependent  on  the  focusing  pa¬ 
rameter  as  shown  in  (16).  When  the  wave  is  traveling  in  the 
same  direction  as  the  aircraft,  the  velocity  bunching  effect 
moves  the  focus  shift  to  values  greater  than  C/2,  while  for 
waves  traveling  in  the  opposite  direction  it  moves  the  focus 
shift  to  values  of  less  than  C/2, 


Fig.  4.  Focusing  curves  associated  with  the  simulated  image  of  the 
monochromatic  wave  shown  in  Figure  2,  for  different  coherence 
times.  Curve  1,  r,  =  0.2  s:  curve  2,  rf  =0.1  s;  curve  3,  rf  =  0.05s. 

Equation  (16)  is  applicable  only  to  monochromatic  waves 
and  is  not  suitable  for  spectral  analysis.  Instead,  (12)  may  be 
used  to  study  one-dimensional  SAR  images  of  simulated 
random  ocean  surfaces.  In  executing  the  SAR  simulations  for 
TOWARD,  Monte  Carlo  simulations  arc  performed  on  the  in 
situ  wave  height  spectrum  of  October  31,  1984,  as  given  by 
Guza  [1986],  The  latter  is  converted  to  an  equivalent  deepwa¬ 
ter  wave  height  spectrum  [see  Tajirian,  1986]  from  which  P(k) 
is  calculated  and  then  used  in  (19)  and  (20).  A  256-point  spec¬ 
trum  is  used  with  A k  equal  to  0.0025  m~ '.  The  coherence  time 
for  this  simulation  is  assumed  to  be  0.1  s.  The  aircraft  altitude 
is  set  equal  to  1 1.5  km.  Figure  7  shows  the  wave  height  spec¬ 
trum  used  as  the  input  and  the  spectrum  of  the  simulated  SAR 
image  obtained  as  the  output.  It  shows  a  spectral  shift  in  the 
dominant  wavelength  of  the  simulated  SAR  spectrum  to  a 
lower  wave  number.  The  SAR  image  spectrum  shows  very 
little  higher  harmonic  content,  indicating  a  low-pass  filter 
action.  Figure  8  shows  the  in  situ  wave  height  spectrum  and 
the  spectrum  of  the  simulated  SAR  image  when  the  radar 
coherence  time  is  0.04  s.  The  dominant  wavelength  of  the  SAR 
spectrum  has  shifted  considerably  toward  the  longer  wave¬ 
lengths.  The  low-pass  filter  cutoff  wave  number  is  much 
smaller  than  that  in  Figure  7.  This  illustrates  the  critical  im¬ 
portance  of  the  radar  coherence  time  in  the  imaging  process. 

Figure  9  shows  the  image  spectrum  derived  from  the  field 
data  [ Tajirian ,  1986]  plotted  along  with  the  simulated  SAR 


Fig.  5.  Focusing  curves  associated  with  the  simulated  image 
shown  in  Figure  2  for  different  (R/F)  ratios.  The  coherence  time  is  set 
equal  to  0.1  s.  Curve  1.  (R/F)  =  62:  curve  2,  (R/F)  =  33;  curve  3, 
(R/F)  =  1 1.5. 
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Fig.  6.  Focusing  curves  associated  with  the  simulated  images  of 
monochromatic  ocean  waves  traveling  in  the  same  direction  as  the 
aircraft  (curve  1)  and  in  the  opposite  direction  to  the  aircraft  (curve  2). 
The  wave  amplitude  is  0.36  m,  and  the  coherence  time  is  set  equal  to 
0.2  s. 


spectrum.  The  spectrum  of  the  field  image  has  been  corrected 
for  wave  stretching  effects  [Tajirian,  1986].  The  two  curves 
show  reasonable  agreement.  The  radar  coherent  time  used 
here  is  0.07  s.  All  the  other  parameters  arc  kept  the  same  as  in 
Figure  7.  The  high  wave  number  content  in  the  spectrum  of 
the  field  data  is  due  to  system  noise. 

4.  Discussion  of  Results 

The  aim  of  this  paper  has  been  to  delineate  the  different 
SAR  imaging  processes  associated  with  ocean  wave  imaging. 
A  general  description  is  given  in  (9),  which  can  be  applied  to 
scenes  that  are  correlated  in  space  and  time.  The  SAR  image  is 
a  map  of  the  covariance  of  the  complex  radar  reflectivity  of 
the  ocean  surface.  Equation  (12)  is  then  specified  as  the  imag¬ 
ing  integral  for  a  spatially  decorrelated,  time-variant  ocean 
surface.  It  shows  that  the  SAR  image  is  modulated  by  a(X,  T) 
and  U0(X,  7')  through  the  radar  reflectivity  as  shown  in  (10). 
The  SAR  system  produces  an  image  in  one  dimension  from  a 
scene  described  by  a  two-dimensional  function  of  space  and 
time.  A  closer  examination  of  (12)  shows  that  it  is  an  inco¬ 
herent  integration  in  T.  The  integration  does  not  involve  any 
phase  terms  like  the  integration  in  r.  In  time-invariant  systems 
the  radar  cross  section  is  independent  of  T  and  the  orbital 
velocity  is  zero.  Hence  one  may  integrate  (12)  in  T  and  obtain 
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Fig.  8.  The  normalized  spectrum  of  the  simulated  SAR  image 
(cruve  1,  solid  line)  and  the  in  situ  ocean  wave  height  given  by  Guza 
[1986]  for  October  31.  1984,  measured  in  TOWARD  (curve  2,  dashed 
line).  The  SAR  coherence  time  is  assumed  to  be  0.04  s, 


the  standard  SAR  imaging  integral  in  X.  This  integral  yields 
focused  images  for  y.  —  0.  In  the  presence  of  propagating  swell, 
both  a(X,  T)  and  U0(X,  T)  are  slowly  varying  functions  of 
space  and  time.  This  dependence  on  T  is  sufficiently  strong  to 
produce  a  nonzero  focusing  condition.  But  note  that  this  is 
unlike  the  coherent  focusing  obtained  when  imaging  a  rigid 
target  moving  at  some  constant  velocity  in  the  azimuth  direc¬ 
tion.  As  both  a(X,  T)  and  U0{X,  T)  propagate  with  the  phase 
velocity  of  the  long  wave,  one  expects  the  focusing  to  be  relat¬ 
ed  to  this  quantity.  For  monochromatic  waves  this  is  given  by 
(16).  It  is  easy  to  show  that  the  image  of  a  monochromatic 
long  wave  should  focus  in  the  proximity  of  half  the  phase 
speed.  It  is  important  to  note  here  that  for  monochromatic 
waves,  the  acceleration  effects  given  by  the  T  dependence  of 
the  orbital  velocities  may  be  removed  by  adjusting  the  focus¬ 
ing  parameter.  Alpers  and  Bruening  [1986]  include  the  acceler¬ 
ation  as  a  separate  term  and  use  it  in  computing  the  SAR 
resolution  in  the  presence  of  long  waves.  This  is  an  artifact  of 
their  analysis  and  not  a  physical  condition. 

The  modulation  of  the  radar  cross  section  a(X,  T)  is  due  to 
the  tilting  and  straining  of  short  waves  by  the  long  waves. 
Although  tilting  is  well  understood,  straining  is  not.  Straining 
is  due  to  hydrodynamic  interactions  between  the  short  waves 
and  the  long  waves  [ Keller  and  Wright,  1975].  Extensive  ex¬ 
perimental  evidence  on  both  of  these  effects  has  been  reported 
[ Plant  ct  al.,  1983;  Wright  cl  al.,  1980;  Moore  et  al,  1986],  but 
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Fig.  7.  The  normalized  spectrum  of  the  simulated  SAR  image 
(curve  I,  solid  line)  and  the  in  situ  ocean  wave  height  given  by  Guza 
[1986]  for  October  31,  1984,  measured  in  TOWARD  (curve  2,  dashed 
line).  The  SAR  coherence  lime  is  assumed  to  be  0.1  s. 


Fig.  9.  The  normalized  spectrum  of  the  simulated  SAR  image 
(curve  1.  solid  line)  and  the  TOWARD  field  image  for  October  31, 
1984  (curve  2,  dashed  line).  The  SAR  coherence  time  is  assumed  to  be 

0.07  s. 


13,844 


Kasilingam  and  Shemdin:  Ocean  Surface  Imaging  Theory 


Ihe  spread  in  the  data  is  considerable  and  their  usefulness  can 
be  questioned.  The  related  empirical  models  assume  that  the 
radar  cross  section  modulation  is  linear  and  that  the  nonlinear 
effects  are  small  and  negligible.  There  is  no  unanimity  among 
the  investigators  on  this  point.  But  if  one  is  to  discern  the 
din'crent  imaging  processes  from  field  data,  it  is  crucial  that 
this  aspect  of  backscatter  modulation  be  better  understood. 

The  velocity  bunching  phenomenon  associated  with  U0( X, 
T )  is  unique  to  SAR.  It  is  not  present  in  real  aperture  radars. 
The  Bragg  waves  are  advected  by  the  long  waves,  and  this 
heaving  effect  Doppler  modulates  the  radar  return  signal.  It  is 
a  nonlinear  process  and  therefore  results  in  distorted  images  of 
the  ocean  surface.  Among  past  investigators,  Jain  [1981]  be¬ 
lieved  that  orbital  velocity  only  produces  a  smearing  process 
and  is  not  a  fundamental  imaging  process.  This  view  is  not 
valid  if  the  surface  orbital  velocities  arc  periodically  distrib¬ 
uted  in  the  azimuth  direction.  When  the  latter  occurs,  the 
azimuthal  shift  results  in  a  modulation  of  the  SAR  image  by 
the  surface  orbital  velocity. 

The  simulations  discussed  in  this  paper  require  use  of  radar 
coherence  time  which  can  be  determined  from  the  velocity 
spread.  As  was  indicated  before,  coherence  time  limits  the 
useful  integration  time.  That  is,  increasing  the  integration  time 
beyond  the  coherence  time  will  not  improve  SAR  resolution 
beyond  the  limit  imposed  by  the  coherence  time.  Equations 
(12/>)  and  (12c)  reflect  this  limitation.  Jain  and  Shemdin  [1983] 
reported  this  effect  in  the  Marine  Remote  Sensing  Experiment 
(MARSEN).  They  showed  that  when  the  integration  time  was 
systematically  increased,  the  image  quality  improved  rapidly 
at  first  and  then  remained  constant  beyond  a  certain  integra¬ 
tion  time.  One  may  obtain  an  estimate  of  the  SAR  coherence 
time  from  this  integration  time.  From  Figure  9  of  Jain  and 
Shemdin  the  coherence  time  in  the  MARSEN  experiment  is 
estimated  to  be  approximately  0.2  s.  It  is  emphasized  here  that 
the  smearing  due  to  velocity  spread  may  not  be  removed  by 
focusing.  This  spread  is  due  to  the  intrinsic  variability  of  the 
short  and  intermediate  surface  waves.  Plant  and  Keller  [1983] 
have  observed  in  their  measurements  both  the  Doppler  shift 
due  to  the  orbital  velocities  of  the  long  waves,  and  the  smear¬ 
ing  effect  due  to  velocity  spread  and  acceleration  of  the  short 
waves.  It  is  feasible  to  obtain  good  estimates  of  the  coherence 
time  with  proper  processing  of  such  data. 

Equation  (12)  also  reflects  the  nonlinear  nature  of  the  veloc¬ 
ity  bunching  effect  The  acceleration  effects  are  also  nonlinear. 
But  the  simulations  show  that  this  effect  is  small  and  may  be 
focused  out.  This  is  in  agreement  with  Hasselinann  el  al. 
[1985],  who  also  believe  that  the  nonlinear  effects  are  pri¬ 
marily  due  to  velocity  bunching.  The  nonlinear  effects,  how¬ 
ever,  appear  only  in  high  sea  states  where  the  coherence  time 
is  diminished,  with  the  consequence  that  the  SAR  resolution  is 
degraded. 

The  azimuthal  resolution  in  a  SAR  image  is  a  critical  mea¬ 
sure  of  the  radar  imaging  system.  In  SAR  imaging  of  the 
ocean  surface,  the  azimuthal  resolution  is  degraded  owing  to 
motion  eflects.  The  simulations  show  that  the  primary  degrad¬ 
ing  influence  is  the  temporal  coherence  of  the  radar  reflec¬ 
tivity.  The  coherence  time  determines  the  useful  integration 
time  and  hence  the  azimuthal  resolution  of  the  system.  Higher 
sea  states  have  greater  velocity  spread  and  therefore  have 
shorter  coherence  times  and  are  expected  to  have  higher 
degradation  of  azimuthal  resolution  The  minimum  detectable 
wavelength  of  ocean  waves  depends  on  the  azimuthal  resolu¬ 


tion  of  the  SAR  system  and  the  noise  level  of  the  radar  receiv¬ 
er.  At  low  noise  levels  one  may  assume  the  minimum  detect¬ 
able  wavelength  to  be  twice  the  resolution.  For  TOWARD  the 
present  analysis  suggests  that  only  wavelengths  greater  than 
100  m  will  be  detected  with  the  L  band  SAR.  The  orbital 
acceleration  has  a  minimal  effect  on  azimuthal  resolution. 

One  of  the  contentious  points  in  previous  attempts  to  for¬ 
mulate  the  theory  for  SAR  imaging  of  ocean  waves  is  the 
question  of  radar  spatial  correlation.  At  incidence  angles 
greater  than  20  the  primary  scattering  process  is  Bragg  scat¬ 
tering.  For  L  band  radars  the  scattering  is  due  to  a  narrow 
band  of  the  ocean  wave  height  spectrum  around  25  cm,  at 
incidence  angles  near  30‘.  There  is  laboratory  evidence  indi¬ 
cating  that  these  25-cm  short  waves  dccorrclatc  over  distances 
comparable  with  their  wavelength.  For  a  radar  system  with  an 
intrinsic  resolution  of  several  meters  it  appears  that  the  radar 
return  will  be  correlated  only  over  distances  considerably 
shorter  than  the  radar  resolution.  Hence  it  appears  reasonable 
to  assume  that  the  surface  is  dccorrclatcd  over  distances  com¬ 
parable  with  the  radar  resolution.  These  assumptions  merit 
further  experimental  scrutiny  in  future  field  observations. 

In  the  case  of  specular  scattering  the  focus  dependence  on 
the  phase  velocity  of  the  long  wave  is  anticipated.  As  specular 
backscatter  docs  not  necessarily  dccorrclatc  as  fast  as  the 
Bragg  backscatter,  it  may  be  shown  that  images  where  the 
radar  return  is  mainly  due  to  specular  scatter  are  likely  to 
focus  at  one  phase  velocity.  For  incidence  angles  of  less  than 
20  this  scattering  process  dominates.  Therefore  if  one  is  to 
study  the  complete  SAR  imaging  picture,  it  is  important  to 
investigate  the  specular  scattering  mechanism  from  the  ocean 
surface  as  well.  Wave  breaking  is  another  process  that  is  likely 
to  have  an  impact  on  the  SAR  image,  as  discussed  qualitative¬ 
ly  by  Lyzemja  and  Sliuchinan  [1983].  It  is  possible  that  be¬ 
cause  of  the  large  orbital  velocity,  scattering  from  breaking 
waves  can  fall  outside  the  bandwidth  of  the  SAR  processor. 
Finite  processor  bandwidth  may  exclude  in  the  SAR  image  the 
return  from  certain  parts  of  the  ocean  surface,  especially  in 
high  sea  states.  This  form  of  image  suppression  appears  as 
dark  spots  in  the  SAR  image.  In  this  paper,  specular  effects  are 
neglected  because  the  incidence  angle  in  TOWARD  is  ap¬ 
proximately  35r  in  the  proximity  of  the  tower. 

The  simulations  given  in  the  previous  section  show  agree¬ 
ment  with  the  results  derived  from  experimentally  obtained 
images.  Some  of  the  interesting  observations  that  can  be  de¬ 
duced  from  the  analysis  of  the  SAR  images  obtained  in  the 
TOWARD  experiment  [sec  Tajirian,  1986]  are  as  follows: 

1.  The  dominant  wave  number  of  the  image  is  found  to  be 
lower  than  the  dominant  wave  number  of  the  in  situ  data. 

2.  The  images  are  found  to  focus  in  the  vicinity  of  the 
phase  velocity  of  the  dominant  wave.  All  the  images  show 
broad  dependence  on  the  focusing  parameter. 

3.  Nonlinear  effects  and  image  distortions  are  found  to  be 
small. 

4.  Some  images,  especially  at  low  aircraft  altitudes,  do  not 
show  wavelike  patterns  with  the  clarity  observed  in  corre¬ 
sponding  high-altitude  images. 

The  first  observation  is  explained  by  the  low-pass  filter 
action  of  the  SAR  imaging  system.  The  small  coherence  times 
restrict  the  useful  integration  time  of  the  SAR.  This  forces  the 
azimuthal  bandwidth  of  the  SAR  to  be  narrow,  which  in  turn 
results  in  the  image  losing  its  intrinsic  resolution.  It  has  been 
shown  in  the  simulations  that  as  the  resolution  is  degraded  the 
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dominant  wave  in  the  SAR  images  shifts  to  a  lower  wave 
number.  The  magnitude  of  the  shift  is  dependent  on  the  radar 
coherence  time. 

The  second  observation  has  been  a  source  of  considerable 
interest.  Initial  velocity  bunching  theories  either  predicted  fo¬ 
cusing  at  zero  velocity  or  gave  values  that  were  not  related  to 
the  direction  nor  the  magnitude  of  the  phase  velocity  of  the 
dominant  wave.  But  the  field  images  consistently  focused  in 
the  proximity  of  the  phase  velocity  of  the  dominant  wave.  In 
the  theory  presented  here,  it  is  shown  that  both  the  radar 
cross  section  pattern  and  the  velocity  bunching  pattern  may 
be  focused  around  half  the  phase  velocity.  It  is  also  shown 
that  the  velocity  bunching  effect  is  dependent  on  the  focusing 
parameter  and  that  this  dependence  moves  the  optimum  focus 
setting  up  to  values  greater  than  C/2  when  the  wave  is  trav¬ 
eling  in  the  same  direction  as  the  aircraft  and  moves  it  down 
to  values  of  less  than  C/2  when  the  wave  is  traveling  in  the 
opposite  direction  to  the  aircraft,  as  is  shown  in  Figure  6. 
Focusing  has  been  an  aspect  of  SAR  imaging  that  appears  to 
benefit  from  theoretical  clarification.  It  is  emphasized  that  the 
dependence  of  SAR  on  the  longwave  phase  velocity  is  not  due 
to  the  effects  of  coherent  integration,  but  rather  is  due  to  that 
of  incoherent  integration.  This  is  where  the  imaging  of  the 
ocean  surface  differs  from  that  of  a  moving  corrugated  surface. 

The  third  observation  clearly  points  out  that  the  radar  cross 
section  has  little  if  any  nonlinear  relationship  to  the  wave 
slope.  It  also  suggests  that  the  nonlinear  effects  of  the  velocity 
bunching  effects  arc  small  in  the  TOWARD  experiment.  This 
is  expected  because  the  sea  states  encountered  in  TOWARD 
were  low.  It  was  shown  before  that  in  the  higher  sea  states  the 
nonlinear  effects  increase.  It  is  also  known  that  the  coherence 
time  is  inversely  proportional  to  the  sea  state.  Therefore  there 
is  a  reasonable  possibility  that  the  nonlinear  effects  may  not 
be  dominant  even  in  high  sea  states.  T-  important  possibility 
requires  more  definitive  determination  of  the  dependence  of 
coherence  time  on  the  sea  state.  Such  a  determination  may  be 
obtained  from  near-surface-based  radar  measurements. 

The  fourth  observation  is  attributed  to  two  factors.  The  first 
is  due  to  the  fact  that  the  velocity  bunching  effect  is  dimin¬ 
ished  because  the  (R/V)  ratio  is  smaller.  The  second  is  due  to 
the  radar  cross  section  modulation.  At  the  lower  aircraft  alti¬ 
tudes,  the  velocity  bunching  modulation  is  comparable  in 
magnitude  to  the  cross  section  modulation.  Therefore  it  is 
possible  that  the  two  factors  eliminate  each  other.  This  can  be 
determined  by  independent  analysis  of  the  TOWARD  radar 
backscatter  measurements  from  the  tower-based  L  band 
radar.  The  latter  work  is  in  progress. 

5.  Conclusion 

A  one-dimensional  theory  has  been  developed  to  model 
SAR  imaging  of  the  ocean  surface.  The  theory  assumes  that 
the  radar  cross  section  modulation  and  the  surface  orbital 
velocities  have  patterns  that  move  with  the  ocean  wave  height. 
The  time  dependence  of  these  patterns  requires  a  nonzero 
focus  setting  to  obtain  the  best  image  contrast.  The  simula¬ 
tions  indicate  that  the  optimum  focus  setting  is  in  the  proxim¬ 
ity  of  half  the  phase  velocity  of  the  dominant  long  wave.  This 
dependence  on  the  longwave  phase  velocity  evolves  in  a  differ¬ 
ent  manner  compared  to  the  “distributed  surface”  viewpoint. 
It  is  shown  that  the  focus  dependence  is  due  to  an  incoherent 
integration  process  and  not  due  to  motion  induced  phase 


errors.  This  integration  involves  “stacking”  independent  sub¬ 
images  incoherently  to  give  the  best  contrast. 

The  azimuthal  shift  due  to  the  slant  range  directed  velocity 
both  modulates  the  signal  and  degrades  the  azimuthal  resolu¬ 
tion.  The  statistical  nature  of  the  orbital  velocities  of  the  inter¬ 
mediate  and  short  waves  smear  the  image  in  the  azimuthal 
direction.  This  spread  may  not  be  removed  by  focus  adjust¬ 
ment.  The  radar  coherence  time  is  defined  as  a  measure  of  the 
velocity  spread.  Initial  theoretical  and  experimental  estimates 
show  the  coherence  time  to  be  in  the  range  0.03-0.1  s  for  the 
TOWARD  data  set.  It  is  crucial  for  SAR  simulations  purposes 
to  obtain  more  measurements  of  this  coherence  time,  as  the 
azimuthal  resolution  of  the  SAR  imaging  system  is  determined 
by  this  factor. 

Appendix:  Derivation  of  the  Covariance  of 
the  Complex  Radar  Reflectivity 

The  complex  radar  reflectivity  is  given  by 

/>(.v,  f)  =  />0(.v,  t )  exp  [2iA0/i(x,  t )  cos  0]  (Al) 

where  />0(.v,  /)  is  the  reflectivity  of  the  ocean  surface,  fi(x,  t)  is 
the  ocean  waveheight,  0  is  the  incidence  angle,  and  k0  is  the 
radar  wave  number.  The  covariance  of  this  complex  reflec¬ 
tivity  is 

</>(Y,.  t2)>  =  </>o(.Y„  lup 0*(.Yj,  t2) 

■  exp  {2i'A0[/i(.v„  t ,)  -  /i(.Yj,  /2)]  cos  0}>  (A2) 


If  the  dielectric  properties  of  the  ocean  surface  are  assumed  to 
be  constant,  then  the  surface  reflectivity  p0(x.  t)  will  be  con¬ 
stant,  p0.  Making  the  substitutions 


.V  =  x,  - .' 

C2 

(A3a) 

X-  2 

(A3b) 

T=t,  -( 

2 

(A3c) 

T  bi-h) 

2 

(A3d) 

it  is  shown  that  the  covariance  becomes 

<pp*>(2f,  .v,  T,  r)  =  p02^exp  |2iA0 

ix  4r+i) 

-•H-r-OH) 

)  (A4) 

Since  the  expected  value  is  independent  of  the  initial  position 
and  time,  (A4)  may  be  rewritten  as 


</>/>*>(*,  A-,  T,  I)  =  p02<exp  {2ik0[li{X,  T) 

-  h(X  -  x,  T  -  t)]  cos  0}>  (A5) 

The  SAR  image  is  a  map  of  the  covariance  of  the  complex 
reflectivity  of  the  ocean  surface.  The  SAR  two-scale  model  is 
invoked  at  this  stage  to  represent  this  covariance  function  as  a 
product  of  a  longwave  term  and  a  shortwave  term.  The  two- 
scale  model  gives  the  ocean  wave  height  as 

/i(.y,  /)  =  /it(.v,  t)  +  h,(x,  l )  (A6) 

where  hL{x,  I)  and  hs(x,  ()  arc  the  longwave  and  the  shortwave 
components  respectively.  Implied  in  the  separation  of  the  total 
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Fig.  Al.  The  Doppler  spectrum  of  Ihc  radar  return  of  the  NRL  L  band  radar  on  October  31,  1984.  The  spectrum  is  the 
average  of  1-s  samples  over  a  period  of  100  s.  Also  shown  is  the  Gaussian  (dashed  line)  that  was  fitted  to  the  experimental 
curve  to  obtain  an  estimate  of  the  coherence  time. 


surface  displacement  into  long  waves  and  short  waves  is  a  sta¬ 
tistical  description  of  the  short  waves  superposed  on  a  deter¬ 
ministic  description  of  the  long  waves.  When  (A6)  is  substitu¬ 
ted  into  (A5),  the  expected  value  in  (A5)  becomes  the  product 
of  the  expected  value  of  the  covariance  of  the  shortwave  reflec¬ 
tivity  and  the  longwave  modulation.  The  expected  value  of  the 
covariance  of  the  shortwave  reflectivity  is  obtained  using 
Cramer's  [1946]  result,  which  is 


pansion  for  the  long  waves,  equation  (A9)  becomes 

.v,  7\  r)  =  ,v  exp  { -4A02 cos2 0, 0)  -  ^(.v,  t)]} 

■exp  |2.*0  cos  0  \j±  (. X ,  T)x  +  (X,  T) t 


g)(x,r)y+aWr)i+...]}  (aid 


^exp  exp£~  I  S  wWCt-uj 

(A7) 

where  a,  arc  constant  real  coefficients  and  ^(f,  —  CJ  is  given 
by 

W,-U  =  <>imU>  (A8) 

Using  (A6)  and  (A7),  (A5)  is  reduced  to 

<PP*>(X,  .v,  T,  r)  =  Po 2  exp  { —  4A'0 2  cos2  0[<fis(0, 0)  -  </>5(.v,r)]} 

•  exp  {2t'A:0 cos  ()[/;,, (A,  T)  -  hL(X  -  x,  T  -  r)] }  (A9) 

where  r)  is  the  covariance  function  of  the  waveheight  of 
the  short  waves  and  is  given  by 

T)  =  </i,(A,  T)hs(X  +  x,  T  +  t)>  (A10) 

which  is  assumed  to  be  stationary.  Using  Taylor  series  ex¬ 


For  TOWARD  conditions,  with  an  intrinsic  SAR  resolution 
of  1 1  m,  calculations  using  the  Pierson-Moskowitz  spectrum 
resulted  in  a  shortwave  covariance  function  with  a  correlation 
distance  of  the  order  of  1  m  and  a  coherence  time  of  the  order 
of  100  ms.  These  quantities  were  obtained  from  the  widths  of 
the  covariance  function  in  the  space  and  time  domains,  respec¬ 
tively.  An  independent  evaluation  of  radar  backscatter  at  L 
band  obtained  during  the  TOWARD  experiment  gave  radar 
coherence  times  of  30  ms.  Figure  Al  shows  the  spectrum  of 
the  radar  return  of  the  Naval  Research  Laboratory  (NRL)  L 
band  radar  on  October  31,  1984.  The  Doppler  shifts  due  to 
the  longwave  orbital  velocities  have  been  removed.  This  curve 
is  the  temporal  spectrum  of  the  covariance  function  of  the 
shortwave  reflectivity.  The  bandwidth  is  inversely  proportion¬ 
al  to  the  the  effective  coherence  time. 

Clearly,  the  values  of  the  correlation  distance  and  the  coher¬ 
ence  time  are  small  in  comparison  with  the  longwave  wave¬ 
lengths  and  periods  respectively.  It  follows  that  the  higher- 
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order  terms  in  the  longwave  expansion  may  be  neglected  in 
(All).  Hence  equation  (All)  becomes 

<PP*XX,  -W  T,  x)  cs  Po2  exp  { —  4fe0J  cos2  0(<t>s(0,  0)  -  4>s(x,  t)]} 
•exp  jaft0cos<£|k(X,  T)x  +  T)tJJ  (A12) 

which  is  rewritten  as 

<PP*XX, x,  7",  r)  —  p02  exp  { —  4Ar02  cos2  0[<^( 0, 0)  -  <j>J(x,  t)]} 

•  exp  [2iA0  cos  0S(X,  T).v]  exp  [2tA0  cos  0Uo(X,  T) r]  (A  1 3) 

where  S(X,  T)  is  the  azimuth-directed  component  of  the  long¬ 
wave  slope  and  U0(X ,  T)  is  the  vertical  component  of  the 
longwave  orbital  velocity  and  are  given  by  the  derivatives  of 
hL(X,  T)  with  respect  to  X  and  T,  respectively. 

The  first  two  terms  on  the  right-hand  side  of  (A  13)  represent 
the  covariance  of  the  shortwave  reflectivity  modulated  by  the 
longwave  tilt.  They  represent  the  backscatter  seen  by  real  ap¬ 
erture  radars  and  is  proportional  to  the  radar  cross  section, 
a(X,  T )  [see  Valenzuela,  1978],  of  the  ocean  surface.  The  last 
term  on  the  right-hand  side  of  (A  13)  represents  the  Doppler 
modulation  induced  by  the  orbital  velocities  of  the  long 
waves.  In  TOWARD  the  SAR  intrinsic  resolution  of  11  m  is 
large  in  comparison  with  the  correlation  distance  of  1  m.  This 
implies  that  the  total  return  from  a  SAR  resolution  cell  may 
be  treated  as  the  incoherent  addition  of  the  backscatter  from 
independent  scattering  elements  with  dimensions  of  the  order 
of  1  m.  Therefore  for  imaging  purposes  the  x  dependence  in 
the  shortwave  covariance  function  may  be  replaced  by  a  S 
function,  <5(x).  Using  the  results  shown  in  Figure  A1  the  time 
dependence  of  the  covariance  of  the  shortwave  reflectivity  mav 
be  approximated  by  a  Gaussian  distribution,  exp  ( —x2/xe 2), 
where  tf  is  the  radar  coherence  time.  Incorporating  the  above 
approximation  implies 

P02  exp  {— 4A02  cos2  0[&( 0, 0)  -  <^(x,  t)]}  exp  [2ifc0 

•cos  0S(X,  T)x]  =  a(X,  T)  exp  (-t2/tc2)<5(x)  (A14) 

Finally,  (A  13)  becomes 

<PP*>(X,  x,  T,  x)  =  a(X,  T ) 

•  exp  [2ik0xU0(X,  T)  cos  0]  exp  ( - x2/xc  2)5(x)  (A  1 5) 

This  equation  is  used  as  the  covariance  of  the  radar  reflectivity 
in  equation  (10)  of  the  main  text. 
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Multifocus  Processing  of  L  Band  Synthetic  Aperture  Radar  Images  of  Ocean 
Waves  Obtained  During  the  Tower  Ocean  Wave  and  Radar 
Dependence  Experiment 

E.  K.  Tajirian 

Ocean  Research  ami  Engineering,  Pasadena,  California 

As  part  of  the  Tower  Ocean  Wave  and  Radar  Dependence  Experiment  (TOWARD)  objectives,  the 
mechanisms  of  SAR  imaging  of  ocean  waves  arc  investigated  using  L  band  SAR  data  over  the  Naval 
Ocean  Systems  Center  tower.  This  paper  provides  experimental  evidence  needed  to  validate  the  differing 
hypotheses.  Various  processing  methods  are  investigated  to  generate  spectra  with  large  degrees  of  free¬ 
dom.  The  results  show  that  waves  traveling  in  the  aircraft  direction  arc  most  detectable  at  focus  settings 
in  the  range  10.0-15.0  m/s,  which  is  consistent  with  the  Marine  Remote  Sensing  Experiment  (MARSEN) 
observations  reported  by  Jain  and  Shemdin  (1983).  Waves  traveling  in  the  direction  opposite  to  the 
aircraft  are  most  detectable  at  settings  equal  to  —5.0  to  - 15.0  m/s.  The  SAR  imaging  system  acts  as  a 
low-pass  filter  with  the  peak  of  the  ocean  wave  height  spectrum  occurring  at  higher  wave  numbers 


compared  with  the  peak  in  the  SAR  image  spectrum. 


1.  Introduction 

Synthetic  aperture  radar  (SAR)  provides  high-resolution 
maps  of  the  ocean  surface  regardless  of  the  time  of  day  and 
under  nearly  all  weather  conditions.  This  is  done  by  the  pro¬ 
cessing  of  the  radar  data  collected  over  a  long  interval  of  the 
aircraft  path  to  improve  azimuthal  resolution,  and  by  pulse 
compression  to  improve  the  range  resolution,  as  was  discussed 
by  Hovatwssian  [1984].  There  is  growing  interest  in  SAR 
imaging  of  the  ocean  surface  and  in  theoretical  understanding 
of  the  mechanisms  involved.  The  work  by  Larsen  et  al.  [1976] 
and  Shemdin  et  al  [1978]  marks  the  beginning  of  this  interest. 
The  modulating  mechanisms  for  azimuthally  traveling  surface 
waves  have  been  the  subject  of  much  discussion.  The  modulat¬ 
ing  mechanisms  that  are  considered  to  be  responsible  for 
imaging  surface  waves  are  velocity  bunching,  hydrodynamic 
modulation,  and  tilt  modulation. 

The  velocity  bunching  effect,  discussed  by  Alpers  and  co¬ 
workers  [.Alpers  and  Rufenach,  1979;  Alpers  et  al,  1981]  and 
Plant  and  Keller  [1983]  for  azimuthally  traveling  waves,  is 
due  to  the  nonuniform  orbital  velocity  component  in  the  slant 
range  direction.  This  velocity  causes  azimuthal  shifts  of  the 
scattering  facets  in  the  SAR  image  and  results  in  the  scatterers 
being  superimposed  nonuniformly  in  the  image  plane. 

The  distributed  surface  viewpoint,  discussed  by  Jain  [1978, 
1981]  and  R.  Hargcr  (The  SAR  image  of  short  gravity  waves 
on  long  gravity  waves:  An  explication,  submitted  to  IEEE 
Journal  of  Oceanic  Engineering,  1985;.also  private  communi¬ 
cation,  1985),  implicitly  assumes  that  the  radar  return  from  the 
ocean  surface  is  correlated  over  a  distance  greater  than  the 
intrinsic  resolution  of  the  SAR.  This  assumption  results  in  the 
radar  backscattcr  being  modulated  by  the  longwave  slope. 
Since  the  longwave  features  move  at  the  phase  speed,  this 
hypothesis  gives  an  optimum  focus  setting  that  is  equal  to  the 
phase  speed  of  the  long  wave.  At  present,  there  is  no  con¬ 
clusive  data  on  magnitudes  of  the  spatial  correlation  distance. 

Images  of  ocean  waves  have  been  reported  from  the  Mar- 
incland  experiment  by  Shuchman  and  Slwmdin  [1983]  and 
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from  the  Marine  Remote  Sensing  Experiment  (MARSEN)  by 
Jain  and  Shemdin  [1983].  These  show  improved  contrast  in 
the  peak-to-baseline  ratios  (PBR;  defined  in  detail  by  Shuch¬ 
man  and  Shemdin  [1983]  and  Jain  and  Shemdin  [1983])  when 
the  focus  parameters  in  the  SAR  optical  processor  are  adjust¬ 
ed.  In  these  experiments,  only  optical  recording  and  optical 
processing  were  available.  Although  important  results  were 
obtained,  it  was  considered  desirable  to  obtain  additional 
SAR  data  with  higher  dynamic  range  and  more  precise  deter¬ 
mination  of  the  ocean  wave  parameters  such  as  focus  setting. 
The  latter  can  be  achieved  more  easily  with  digital  processing 
of  a  SAR  image. 

In  the  Tower  Ocean  Wave  and  Radar  Dependence  Experi¬ 
ment  (TOWARD),  radar  data  were  recorded  both  optically 
and  digitally  and  were  SAR-processed  in  both  optical  and 
digital  modes.  Hence  large-area  coverage  could  be  produced 
with  optical  images,  and  precise  determination  of  the  SAR 
imaging  parameters  could  be  achieved  with  digital  processing. 
The  SAR  flight  pattern  shown  in  Figure  1  was  executed  over 
the  Naval  Ocean  Systems  Center  (NOSC)  tower.  The  flight 
dates  and  durations  and  the  SAR  characteristics  are  given  in 
the  TOWARD  Interim  Report  [see  Shemdin  el  al.,  1986]. 

Ten  SAR  frames  were  selected  for  focusing  studies,  as 
shown  in  Table  1.  In  this  paper  the  frames  at  11,583-m  alti¬ 
tude  (38,000  feet),  obtained  on  October  31,  1984,  are  discussed. 
These  images  show  the  highest  contrast  for  ocean  waves  and 
give  the  clearest  contrast  improvement  for  variable  focus  set¬ 
tings.  Because  of  space  limitation,  the  images  obtained  at  the 
two  lower  altitudes  will  be  deferred  to  a  later  paper. 

Previous  experimental  results  from  Shuchman  and  Shemdin 
[1983]  indicate  that  the  maximum  modulation  depth  occurs 
when  the  motion  correction  in  the  SAR  processor  is  set  at  a 
value  equivalent  to  that  required  to  focus  a  point  target 
moving  in  the  azimuthal  direction  with  a  velocity  that  is  of  the 
order  of  the  wave  phase  velocity  of  the  dominant  surface 
wave.  Jam  and  Shemdin  [1983]  investigate  this  point  in  the 
MARSEN  data  set  using  both  radar  and  in-situ  measure¬ 
ments.  They  also  find  that  the  focus  dependence  for  maximum 
contrast  is  that  for  a  point  target  moving  with  a  velocity  that 
is  of  the  order  of  the  wave  phase  velocity  of  the  dominant 
surface  wave.  They  note  that  azimuthally  traveling  waves  can 
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Fig.  I.  CV-990  SAR  flight  paths  over  the  tower. 


become  as  visible  as  range-traveling  waves  when  the  SAR 
processor  is  set  for  optimum  focus. 

in  this  paper  special  processing  is  used  to  determine  the 
optimum  focus.  This  is  done  by  examining  the  energy  density 
at  the  dominant  wave  numbers  in  the  SAR  spectrum  as  a 
function  of  focus  setting.  The  dominant  wave  number  is 
chosen  because  the  ocean  wave  spectrum  in  the  vicinity  of  the 
NOSC  tower  is  narrowband.  Hence  it  becomes  possible  to 
relate  focus  shift  effects  to  the  dominant  wave  features.  We 
also  explore  the  total  energy  variation  in  the  SAR  spectra  to 
determine  the  influence  of  focus  setting  on  the  overall  en¬ 
hancement  of  the  image  contrast.  In  the  following,  the  data 
processing  methods  for  generating  the  optimal  signal  to  noise 
ratio  are  discussed  in  section  2,  the  results  of  applying  the 
processing  methods  to  the  various  images  are  presented  in 
section  3,  the  comparison  of  the  SAR  spectra  with  the  in  situ 
measurements  is  discussed  in  section  4,  and  finally,  the  con¬ 
clusions  derived  are  given  in  section  5. 

2.  Data  Processing  Methods 
As  was  stated  before,  a  key  objective  in  this  investigation  is 
to  determine  the  dependence  of  a  SAR  spectrum  on  focus 
offset.  Hence  it  is  necessary  to  work  with  data  sets  that  have 
large  signal-to-noisc  ratios.  Initially,  one-dimensional  data 
processing  is  used  because  of  simplicity.  The  procedure  is  valid 
for  long  waves  that  arc  highly  directional,  as  was  the  case  in 
the  TOWARD  experiment,  where  the  Channel  Islands  im¬ 
posed  a  directional  filter  on  the  swells  approaching  from  the 
North  Pacific  Ocean.  One-dimensional  processing  can  be  ap¬ 
plied  to  small  segments  of  the  image,  which  is  useful  for  study¬ 
ing  SAR  spectral  dependence  on  range;  it  also  allows  spectral 
determination  with  large  degrees  of  freedom.  The  one- 
dimensional  processing  method  adopted  here  is  based  on 
averaging  31  range  resolution  cells  in  the  space  domain  to 
produce  an  average  azimuthal  scan,  and  is  referred  to  as  the 
space  averaging  method.  This  averaging  method  is  found  to 
produce  the  largest  signal-to-noise  ratios.  The  same  data  were 
processed  by  generating  power  spectra  from  single  resolution 
azimuthal  scans  and  then  adding  the  different  spectra  to  gen¬ 
erate  an  average  spectrum  with  62  degrees  of  freedom,  The 
latter  method  is  referred  to  as  the  power  spectral  averaging 
method.  Results  from  space  versus  power  spectral  averaging 


methods  were  compared  as  part  of  the  validation  effort  and 
were  found  to  yield  excellent  argeement. 

For  waves  that  are  traveling  at  an  angle  with  respect  to 
aircraft  heading,  geometrical  distortions  in  the  SAR  image 
impose  inaccuracies  that  are  best  dealt  with  by  performing 
two-dimensional  spectral  calculations.  Such  two  dimensional 
spectra  yield  directionally  averaged  (omnidirectional)  spectra 
which  have  high  degrees  of  freedom  and  yield  the  directional 
distribution  of  waves  with  respect  to  the  flight  direction. 

A  sample  of  a  digitally  processed  image  is  shown  in  Figure 
2,  for  zero  focus  setting.  A  focus  setting  is  defined  as  the 
difference  between  the  aircraft  ground  velocity  and  the 
matched  filter's  velocity  setting.  For  each  of  10  frames,  15  such 
images  were  processed  as  focus  settings  that  ranged  from 
—25.67  m/s  to  +25.67  m/s.  The  two  blocks  of  data  shown  in 
Figure  2  are  exhibited  in  Figure  3  in  relation  to  local  bathy¬ 
metry.  Each  block  is  256  pixels  (10.98  m  per  pixel)  in  azimuth 
by  256  pixels  (7.5  m  per  pixel)  in  slant  range.  One  block  (block 
2)  is  in  an  area  where  the  water  depth  is  60  m  (30  fathoms)  at 
its  center  point.  The  second  block  (block  3)  is  in  an  area  where 
the  water  depth  is  26  m  (13  fathoms)  at  its  center  point.  The 
latter  block  includes  the  NOSC  tower,  shown  in  Figure  3(b). 
The  location  of  the  data  blocks  are  chosen  such  that  they 
contain  the  highest  contrast  in  ocean  waves,  shown  in  Figure 
2. 

Both  low  dynamic  range  images  (provided  in  integer  num¬ 
bers)  and  high  dynamic  range  images  (provided  in  real  num¬ 
bers)  were  analyzed.  The  data  blocks  in  the  real  number  data 
files  corresponded  to  the  same  locations  as  in  the  integer 
number  data  blocks.  The  analysis  of  the  real  number  data 
included  conversion  of  data  points  from  amplitude  to  inten¬ 
sity,  and  then  normalizing  the  result  by  the  mean  intensity  to 
eliminate  the  dependence  on  range,  as  follows: 


,  .  ,  <»(*.  Az)  -  M(R) 

— Jm — 


in 


where  (Az)  is  the  azimuthally  modulated  radar  cross  section, 
M(R)  is  the  mean  value  of  the  cross  section  at  a  particular 
range  for  azimuth  traveling  waves,  and  (R,  Az)  is  the  cross 
section  seen  by  the  SAR.  The  mean  removal  pi  jduces  sharper 
spectra,  since  the  mean  dependence  on  range  acts  as  a  low 
wave  number  envelope.  The  normalized  space  domain  data  is 
broken  into  four  smaller  blocks,  128  x  128  points  each.  A 
two-dimensional  power  spectrum  is  generated  for  each  block 
and  the  spectra  from  the  four  blocks  arc  summed.  Omnidirec¬ 
tional  averaging  is  performed  on  the  summed  spectra,  from 
which  the  dominant  wave  number  and  spectral  density 
characteristics  are  determined. 

To  increase  the  degrees  of  freedom,  the  normalized  space 
domain  data  block  is  broken  into  16  smaller  blocks  each  con¬ 
taining  64  x  64  points.  A  two-dimensional  power  spectrum  is 
generated  for  each  block,  and  the  16  power  spectra  are 
summed.  The  latter  is  omnidirectionally  averaged  to  deter¬ 
mine  the  dependence  of  the  dominant  wave  energy  on  focus. 


TABLE  1 .  SAR  Frames  Especially  Processed  for  Focusing 
Studies 


Altitude,  m 

Oct.  17 

Oct.  31 

Nov.  4 

Nov.  7 

2,134 

legs  4,  7 

6,098 

11,583 

leg  2 

leg  1 

legs  1,  2,  4,  7 

leg  2 

leg  2 
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sponding  to  2'iti  ,  2<>0  .  ami  '20  ,  lespcclivelv  I  eg  I  SAR  data 
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were  processed  for  15  diflercnt  focus  settings.  Initially,  the 
focus  steps  were  set  at  2.75  m/s  covering  the  range  ±19.25 
m/s.  The  results  revealed  the  asymmetry  in  the  ocean  wave 
contrast  versus  focus  setting,  but  the  location  of  the  peak 
could  not  be  determined.  In  the  second  processing  the  focus 
steps  were  set  at  3.67  m/s  to  extend  the  range  of  focus  offsets 
to  +25.67  m/s.  The  latter  was  found  necessary  to  establish  the 
focus  value  that  corresponds  to  the  maximum  wave  contrast. 

It  is  useful  to  examine  the  dependence  of  the  total  energy  in 
the  SAR  spectrum  on  range.  The  total  energy  obtained  using 
the  space  averaging  method  is  found  to  decrease  monotonical- 
ly  with  range  (or  incidence  angle),  as  is  shown  in  Table  2.  The 
total  energy  is  also  found  to  be  insensitive  to  focus  setting. 

If  the  dc  component  is  removed,  the  remaining  energy  ex¬ 
hibits  a  local  maximum  at  an  incidence  angle,  0  =  26.15°,  as  is 
shown  in  Figure  5.  The  peak  at  0  =  26.15°  is  found  to  be 
sharpest  in  the  optimum  focus  image,  but  the  trend  is  detected 


Fig  ?/>  Recorded  data  blocks  and  their  locations  on  the  image  for 
the  leg  I  flight  path. 


for  all  the  focuses.  The  dependence  of  total  energy  (less  dc)  on 
focus  setting  at  0  =  26.15°  is  plotted  in  Figure  6.  The  latter 
shows  the  total  energy  to  vary  smoothly  as  a  function  of  focus 
setting  with  the  peak  corresponding  to  1 1  m/s. 

Also  of  interest  is  the  dependence  of  the  energy  density  at 
the  dominant  wave  length  on  focus  setting.  The  latter  is  shown 


Fig.  4.  Power  spectra  for  three  focus  settings  obtained  by  the 
omnidirectional  averaging  of  sixteen  64  x  64  two-dimensional  spectra 
for  leg  4  real  number  data.  The  aircraft  heading  is  260v,  altitude  is 
1 1.583  in.  and  look  angle  =  31.4". 
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TABLE  2.  Dependence  of  Total  Energy  (Including  dc)  on 
Incidence  Angle  for  Leg  I 


Focus 

Total  Energy,  x  I06 

21.2° 

26.1° 

29.9° 

-7 

11.89 

6.810 

3.572 

-6 

11.89 

6.822 

3.580 

-5 

11.77 

6.750 

3.531 

-4 

11.70 

6.683 

3.509 

-3 

11.70 

6.671 

3.524 

-2 

11.69 

6.680 

3.529 

-1 

11.58 

6.633 

3.509 

0 

11.45 

6.567 

3.493 

1 

11.42 

6.550 

2 

11.43 

6.573 

3.523 

3 

11.40 

6.569 

3.523 

4 

11.39 

6.564 

3.519 

5 

11.43 

6.579 

3.525 

6 

11.49 

6.609 

3.533 

7 

11.54 

6.64? 

3.541 

in  Figure  7  for  wave  number  spectra  computed  using  both  the 
space  averaging  and  power  spectral  averaging  methods.  Both 
methods  yield  an  asymmetry,  with  the  peaks  corresponding  to 
an  offset  equal  to  1 1.0  m/s  in  the  direction  of  wave  propaga¬ 
tion.  Both  methods  show  the  dominant  wavelength  to  be 
147.9  m. 

A  convenient  method  for  presenting  the  focus  offset  results 
shown  in  Figure  7  is  by  normalizing  the  dominant  wave 
energy  by  the  corresponding  value  in  the  defocused  spectrum. 
The  ratios  obtained  with  this  procedure  are  referred  to  as  the 
peak-to-baseline  ratio.  A  graphical  representation  of  PBR  de¬ 
pendence  on  focus  is  shown  in  Figure  8  for  spectra  computed 
using  the  space  averaging  method.  Here,  PBR  values  corre¬ 
sponding  to  no  wave  number  averaging  and,  corresponding  to 
averaging  over  three  contiguous  wave  numbers  are  shown. 
They  are  compared  with  similar  results  obtained  by  Jain  and 
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Fig.  6.  Total  spectral  energy  less  dc  versus  focus  for  aircraft  head¬ 
ing  of  110 .  aircraft  altitude  of  11,583  m,  incidence  angle  of  26.15° 
(space  averaging  method);  leg  1  data  (AXCMF006). 


Shemdin  [1983].  The  latter  results  were  derived  from  optically 
processed  images  obtained  during  the  M ARSEN  cxpeiiment 
in  the  North  Sea  The  agreement  between  PBR  offsets  from 
the  TOWARD  and  MARSEN  experiments  confirm  that  such 
offsets  are  real  and  not  a  function  of  optical  versus  digital 
processing  of  SAR  images. 

The  focusing  results  presented  so  far  are  based  on  spectra 
derived  from  line  scans  in  the  azimuthal  direction.  This  analy¬ 
sis  gives  reasonable  estimates  for  azimuth-traveling  waves 
such  as  those  encountered  in  leg  1  of  the  TOWARD  flight 
pattern.  To  test  the  validity  of  the  one-dimensional  analysis, 


Fig.  5.  Total  spectral  energy  less  dc  versus  incidence  angle  (space 
averaging  method).  Aircraft  heading  is  HO  ,  and  aircraft  altitude  is 
11,583  in  leg  1  data  (AXCMFU06).  Dashed  lute,  optimum  focus, 
dotted  line,  zero  focus;  solid  line,  defocused. 


Fig.  7.  Energy  density  at  147.9-m  wavelength  versus  focus,  for 
incidence  angle  of  26.1  .  ai;  craft  heading  of  1 10%  No  0.  and  aircraft 
altitude  of  1  1.583  in.  leg  I  data  (AXCMF006).  The  solid  line  shows 
space  averaging:  the  dotted  line,  power  spectral  averaging. 
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Fig.  8.  PBR  at  147.9-m  wavelength  versus  focus  (space  averaging 
method).  Incidence  angle  is  26. 1  and  aircraft  altitude  is  1 1,583  m;  leg 
1  data  (AXCMF006).  The  solid  line  shows  results  for  N  =  0,  and  the 
dotted  line  shows  results  for  N  =  3.  The  dashed  line  shows  MARSEN 
results  given  by  Jain  and  Slwnulin  [1983], 


Fig.  10.  Energy  density  at  133.8-m  wavelength  versus  focus,  for 
aircraft  heading  of  290  ,  aircraft  altitude  of  11.583  m;  leg  2  data 
(AXCMF006)  (space  averaging  method). 


two-dimensional  spectra  were  generated  from  the  real  number 
image  data.  First,  256  x  256  pixel  blocks  of  the  space  domain 
data  were  converted  to  ground  range  and  then  normalized  to 
remove  the  dc  trend.  A  directional  spectrum  with  8  degrees  of 
freedom  was  generated  from  four  128  x  128  subblocks.  The 
omnidirectional  spectrum,  generated  by  directional  averaging 
of  the  latter  two-dimensional  spectrum,  shows  a  dominant 
wavelength  of  127.8  m.  The  128  x  128  size  blocks  are  the 
minimum  size  necessary  to  resolve  the  dominant  peaks  in  the 
SAR  spectrum.  If  larger  data  blocks  are  selected,  the  area 


Fig.  9.  Dominant  wave  number  energy  density  dependence  on 
focus,  for  dominant  wavelength  of  127.8  in.  Aircraft  altitude  of  1 1,583 
nt,  aircraft  heading  of  1 10  .  incidence  angle  of  22.8  ,  and  64-point 
omnidirectional  spectra:  leg  I  data  (AXCMr006).  ground  range  cor¬ 
rected. 


covers  a  variable  water  depth.  Increasing  the  degrees  of  free¬ 
dom  (without  increasing  the  block  size)  requires  64  x  64  pixel 
blocks,  which  yield  32  degrees  of  freedom.  The  latter  approach 
was  used  to  provide  more  reliable  energy  estimates  at  the  cost 
of  coarser  wave  number  resolution.  The  omnidirectional  spec¬ 
tra  generated  from  the  64  x  64  pixel,  two-dimensional  spectra 
show  focus  offset  with  the  peak  in  energy  density  located  at  a 
focus  setting  equal  to  14.7  m/s,  as  shown  in  Figure  9. 

For  leg  2  (aircraft  heading  of  290!),  the  plot  of  dominant 
energy  versus  focus  is  shown  in  Figure  10.  Here,  the  space 
averaging  method  is  used,  as  similar  results  are  found  when 


260  .  leg  4  data  (AXCMF006).  The  solid  hue  is  for  a  dominant  wave 
of  1 1 7  in  (space  averaging  method),  the  dotted  line  is  for  a  dominant 
wave  of  122  in  (spectral  averaging  method). 


Tajirian:  Multifocus  Processing  of  Ocean  Wave  Images 


13,855 


£ 


VtlOCITY  SETTING,  infs 

Fig.  12.  Dominant  wave  number  energy  density  dependence  on 
focus,  for  wavelength  of  117  m,  aircraft  altitude  of  11,583  m,  incidence 
angle  of  22.9  ,  aircraft  heading  of  260°,  and  64-point  omnidirectional 
spectra;  leg  4  real  number  data  (AXCMF006). 
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Fig.  14.  Dominant  wave  number  energy  density  dependence  on 
focus,  for  wavelength  of  127.8  m,  aircraft  altitude  of  11,583  m,  inci¬ 
dence  angle  of  28.30!',  aircraft  heading  of  320°,  and  64-point  omnidi¬ 
rectional  spectra;  leg  7  real  number  data  (AXCMF006). 


using  the  spectral  averaging  method.  The  oscillating  shape  in 
Figure  10  is  attributed  to  the  low  SNR  values  obtained  in  this 
SAR  image.  The  ocean  waves  here  are  barely  distinguishable 
from  the  background. 

For  leg  4  (aircraft  heading  of  260°)  the  variation  in  energy 
density  of  the  dominant  waves  is  shown  in  Figure  11.  Here, 
results  from  both  space  averaging  and  spectral  averaging 
methods  are  shown.  The  dominant  wave  energy  dependence 
on  focus  offset  has  a  trend  that  is  the  reverse  of  that  for  leg  1. 


Fig.  13.  Energy  density  at  dominant  wave  versus  focus,  for  air¬ 
craft  heading  of  320',  incidence  angle  of  24.2°,  aircraft  altitude  of 
1 1,583  m;  Leg  7  data  (AXCMF006).  The  solid  line  shows  results  for  a 
dominant  wave  of  117.1  m,  space  averaging  method,  and  azimuthal 
angle  of  370  :  the  dotted  line  shows  results  for  a  dominant  wave  of 
140.5  nt,  power  spectral  averaging  method. 


The  variation  of  energy  in  the  dominant  wave  length  (122  m) 
versus  focus  setting  shows  a  peak  at  a  focus  setting  equal  to 
- 14.7  m/s  when  the  spectral  averaging  method  is  used.  The 
space  averaging  method  gives  a  dominant  wave  length  of  117 
m  and  shows  two  focusing  peaks,  at  0.0  m/s  and  —11.0  m/s. 
The  difference  in  establishing  the  offset  for  the  peak  contrast 
reflects  the  accuracy  with  which  the  peak  focus  can  be  deter¬ 
mined. 

The  directional  spectra  derived  from  128  x  128  data  blocks 
show  a  dominant  wavelength  of  1 17.1  m.  The  omnidirectional 
spectra  generated  from  64  x  64  pixel,  two-dimensional  spectra 
show  a  peak  energy  density  for  the  dominant  wave  at  a  focus 
offset  of  —7.33  m/s,  as  shown  in  Figure  12. 

For  leg  7  (aircraft  heading  of  320°),  the  plot  of  the  energy 
density  as  a  function  of  focus  setting  is  shown  in  Figure  13  for 
both  space  averaging  and  power  spectral  averaging  methods. 
This  figure  shows  a  single  peak  near  —5.5  m/s  for  the  space 
averaging  method.  The  power  spectral  averaging  method 
yields  a  dominant  wavelength  of  140.5  m  and  a  maximum 
offset  at  about  —14.7  m/s.  For  leg  7  the  omnidirectional  spec¬ 
tra,  generated  from  the  128  x  128  pixel  blocks  of  real  number 
ground  range  image  data,  show  a  dominant  wave  length  of 


TABLE  3.  Optimum  Focus  Settings  for  the  TOWARD  SAR 
Spectra  Collected  on  October  31,  1984 


SAR 

Frame 

Aircraft 

Heading, 

deg 

Optimum  Focus,  m/s 

Space 

Averaging 

Spectral 

Averaging 

Directional 

Averaging 

Leg  1 

110 

+  11.0 

+  11.0 

+  14.7 

Leg  2 

290 

N.P, 

N.P. 

N.P. 

Leg  4 

260 

0.0 

-14.7 

-7.3 

Leg  7 

320 

-5.5 

-14.7 

1 

Notation  is  as  follows:  N.P.,  no  clear  peaking  identified;  I, 
incomplete  data  set. 
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Fig.  15.  In  situ  frequency  spectrum  obtained  by  Scripps  Institu¬ 
tion  of  Oceanography  using  pressure  sensors  on  October  31,  1984. 
The  spectrum  has  88  degrees  of  freedom. 


127.8  m.  The  omnidirectional  spectra  generated  from  the 
64  x  64  two-dimensional  spectra  show  an  asymmetric  energy 
density  dependence  on  focus,  as  shown  in  Figure  14.  The  com¬ 
plete  curve  was  not  achieved  owing  to  illegal  floating  point 
format  errors  in  the  data  files  received.  A  summary  of  the 
focus  offset  values  corresponding  to  the  peak  spectral  energies 
is  given  in  Table  3  for  the  different  processing  methods  em¬ 
ployed.  This  table  shows  the  focus  offset  to  change  sign  consis¬ 
tently  with  respect  to  aircraft  heading  relative  to  direction  of 
wave  propagation.  The  variability  in  leg  1  is  estimated  to  be  in 
the  range  10.0  to  15.0  m/s,  and  that  in  Legs  4  and  7  is  esti¬ 
mated  to  be  in  the  range  —5.0  to  — 15.0  m/s. 

4.  Spectral  Comparisons 

In  the  following,  the  in  situ  measurements  are  compared 
with  the  SAR  spectra  to  determine  whether  the  SAR  spectra 
can  be  related  to  the  ocean  surface  with  a  well-defined  transfer 
function.  The  conversion  of  the  in  situ  wave  frequency  spec¬ 
trum  to  an  equivalent  wave  number  spectrum  is  discussed 
first.  The  correction  for  aircraft  motion  is  discussed  next.  The 
in  situ  measurements  were  obtained  by  R.  T.  Guza  at  the 
tower  site  using  a  submerged  array  of  pressure  sensors  [see 
Shemdin  et  al,  1986].  The  spectral  conversion  from  the  depth- 
limited  tower  site  to  an  equivalent  deepwater  wave  height 
spectrum  is  treated  as  a  one-dimensional  shoaling  and. refrac¬ 
tion  problem.  Details  of  the  conversion  are  discussed  by  Taji- 
rian  [1986].  The  in  situ  frequency  spectrum  measured  at  the 
tower  is  shown  in  Figure  15,  and  the  corresponding  wave 
number  spectrum  in  deep  water  is  shown  in  Figure  16. 

To  determine  if  the  sloping  bottom  has  an  influence  on  the 
transformation,  the  wave  height  spectrum  is  also  converted  to 
deepwater  spectrum  by  a  finite  difference  procedure  that  takes 
into  account  the  slope  of  the  bottom  at  each  interval,  as 
shown  by  Tajirian  [1986].  Both  methods  give  virtually  identi¬ 
cal  spectral  values. 

In  the  imaging  of  ocean  waves,  the  wavelength  obtained 
from  a  SAR  image  is  not  the  same  as  that  on  the  ocean 


Fig.  16.  Normalized  in  situ  wave  number  spectrum  transformed  to 
deep  water  using  the  spectrum  shown  in  Figure  15. 


surface.  For  waves  traveling  in  the  aircraft  direction,  the  re¬ 
lationship  between  the  actual  and  observed  wave  numbers  is 
given  by 

‘-‘(irb)  (!> 

where  k  is  ocean  wave  number,  k'  is  the  equivalent  SAR  image 
wave  number,  c  is  phase  velocity  of  the  ocean  wave,  and  v  is 
aircraft  velocity.  Equation  (8)  is  solved  for  all  the  SAR  k' 
values  by  iteration.  The  above  procedure  is  used  to  compare 
wavelengths  obtained  from  different  SAR  legs.  The  dominant 


Fig.  17.  Spectral  comparison  between  SAR  and  in  situ  data.  The 
solid  line  shows  the  SAR  spectrum  in  deep  water  after  correction  for 
surface  wave  motion  (Leg  I),  The  dashed-dotted  line  shows  the  in  situ 
spectrum  converted  to  deep  water. 
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Fig.  18.  SAR  transfer  function  (ratio  of  the  SAR  spectrum  to  the  in 
situ  spectrum). 


wavelength  seen  by  the  SAR  in  the  direction  of  wave  motion  is 
147.9  m,  and  that  in  the  direction  opposite  to  the  ocean  wave 
direction  is  133.8  m.  When  corrected  for  aircraft  motion,  the 
wavelengths  become  140.0  and  143.0  m,  respectively.  The  con¬ 
sistency  achieved  in  explaining  motion  effects  from  measured 
SAR  dominant  wavelengths  adds  confidence  to  the  analysis 
employed  here.  The  corrected  SAR  spectrum  for  the  optimally 
focused  image  of  leg  1  is  shown  in  Figure  17  and  is  compared 
with  the  equivalent  in  situ  spectrum.  The  in  situ  spectrum 
yields  a  dominant  wavelength  of  107.4  m,  while  the  SAR  spec¬ 
trum  gives  a  dominant  wavelength  of  140.0  m.  The  latter  sug¬ 
gests  that  the  SAR  imaging  process  imposes  low-pass  filtering 
on  the  ocean  waves  being  imaged. 

A  SAR  system  transfer  function  is  defined  here  as  the  ratio 
of  the  SAR  image  spectrum  to  the  in  situ  wave  height  spec¬ 
trum.  The  transfer  function,  obtained  from  the  results  given  in 
Figure  17  (after  removing  the  speckle  contribution  in  the  SAR 
spectrum),  is  shown  in  Figure  18.  The  latter  exhibits  a  low- 
pass  filter  characteristic  with  a  cutoff  wave  number  at 
fc  =  0.0075  m-'. 

5.  Summary  and  Conclusions 

Extensive  analysis  of  SAR  image  spectra  of  surface  waves 
reveals  an  asymmetric  behavior  in  the  dependence  of  the  spec¬ 
tral  energy  of  the  dominant  waves  on  focus  offset.  The  offset  is 
dependent  on  the  direction  of  wave  propagation  relative  to 
aircraft  heading.  For  surface  waves  traveling  in  the  same  di¬ 
rection  as  the  aircraft,  the  dominant  waves  in  the  SAR  image 
arc  most  detectable  at  offsets  in  the  range  of  10.0  to  15.0  m/s. 
For  waves  traveling  in  the  opposite  direction  to  the  aircraft, 
the  dominant  waves  arc  most  detectable  at  offsets  in  the  range 
of  —5.0  to  — 15.0  m/s.  The  results  obtained  for  leg  1  indicate  a 
dominant  wavelength  of  147.9  m.  Leg  2  shows  a  dominant 


wavelength  of  133.8  m.  When  corrected  for  relative  aircraft 
motion,  they  reduce  to  140.0  m  and  143.0  m,  respectively, 
which  are  within  one  wave  number  resolution  cell.  The  SAR 
image  spectra  show  dominant  wavelengths  longer  than  those 
obtained  from  the  in  situ  spectra.  The  SAR  system  transfer 
function  is  found  to  be  a  low-pass  filter  with  the  peak  of  the 
ocean  wave  height  spectrum  falling  in  its  stop  band. 
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An  Analytic  Representation  of  the  Synthetic  Aperture  Radar 
Image  Spectrum  for  Ocean  Waves 

David  R.  Lyzenga 

College  of  Marine  Studies ,  University  of  Delaware,  Newark 

An  analytic  expression  is  derived  for  the  spectrum  of  a  synthetic  aperture  radar  image  in  terms  of  the 
surface  reflectivity  covariance  function.  It  is  shown  that  within  the  severe  constraints  imposed  by  the 
short  integration  time,  the  third  (temporal)  dimension  of  the  spectrum  can  be  extracted  by  varying  the 
processor  focus  parameter.  The  results  also  illustrate  the  dependence  of  the  image  spectrum  on  the  scene 
coherence  time,  as  well  as  various  nonlinear  effects  associated  with  the  velocity  bunching  mechanism. 
Example  calculations  are  presented  for  two  cases  corresponding  to  data  sets  collected  during  the  Tower 
Ocean  Wave  and  Radar  Dependence  Experiment. 


1.  Introduction 

Although  it  is  widely  agreed  that  ocean  waves  can  be 
imaged  by  synthetic  aperture  radar  (SAR)  under  some  con¬ 
ditions,  there  is  less  agreement  as  to  the  precise  relationship 
between  the  images  and  the  surface  wave  conditions.  A  com¬ 
prehensive  theory  for  the  wave  imaging  process  was  presented 
by  H  asset  maim  ei-al.  [1985],  including  an  analytic  expression 
for  the  ensemble-averaged  or  expected  value  of  the  image  in¬ 
tensity  in  terms  of  the  surface  reflectivity  spectrum.  One 
prominent  feature  of  this  theory  is  the  "velocity  bunching" 
mechanism  which  was  described  earlier  by  several  investi¬ 
gators,  including  Swift  and  Wilson  [1979]  and  Alpers  and  Rti- 
fenach  [1979].  This  mechanism  produces  image  intensity  mod¬ 
ulations  due  to  the  Doppler  shifts  associated  with  the  orbital 
velocities  of  the  surface  waves. 

An  expression  describing  the  relationship  between  the 
image  spectrum  and  the  surface  wave  height  spectrum  was 
also  presented  by  Alpers  et  al.  [1981],  but  it  was  recognized 
that  this  relationship  was  valid  only  for  the  limited  range  of 
conditions  under  which  the  velocity  bunching  mechanism 
could  be  considered  as  a  linear  process.  Because  of  the  impor¬ 
tance  of  nonlinear  effects  which  could  not  be  described  ana¬ 
lytically,  further  investigations  of  the  imaging  process  have 
been  carried  out  by  means  of  numerical  simulations  [/l/pers, 
1983:  Alpers  and  Bruening,  1986;  Lyzenga,  1986]. 

A  recurring  theme  in  the  investigation  of  the  SAR  imaging 
process  has  been  the  debate  regarding  the  effects  of  refocusing 
adjustments  in  the  SAR  processor.  Early  observations  by 
Sliuchman  and  Zelenka  [1978]  and  Jain  [I978]  indicated  that 
the  contrast  of  wave  images  could  be  improved  by  changing 
the  focus  setting  in  the  optical  processors  that  were  used  to 
convert  the  recorded  SAR  data  into  images.  These  focus  ad¬ 
justments  were  originally  interpreted  as  methods  of  compen¬ 
sating  for  the  phase  velocity  of  the  waves,  in  analogy  with  the 
focus  adjustments  used  to  sharpen  the  images  of  hard  targets 
moving  in  the  SAR  azimuth  direction.  However,  this  interpre¬ 
tation  was  cast  into  doubt  by  evidence  that  the  Doppler  shifts 
of  the  scattered  radar  signals  are  related  to  the  orbital  motions 
rather  than  the  phase  velocity  of  the  imaged  waves.  Accord¬ 
ingly,  the  focus  adjustments  were  considered  by  many  to  be 
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corrections  for  the  radial  accelerations  associated  with  the  sur¬ 
face  wave  orbital  motions  [c.g.,  Alpers  and  Rufenach,  1980]. 
Alternative  theories  were  presented  by  Ivanov  [1982]  and 
Ouclii  [1983]  which  indicated  that  the  optimum  focus  setting 
for  ocean  waves  was  equivalent  to  that  required  to  focus  a 
hard  target  moving  with  half  the  azimuthal  phase  velocity  of 
the  waves.  However,  this  theory  was  criticized  as  resulting 
from  a  misapplication  of  the  two-scale  scattering  model 
[.Plant,  1983]. 

The  Tower  Ocean  Wave  and  Radar  Dependence  Experi¬ 
ment  (TOWARD)  of  the  Office  of  Naval  Research  was  de¬ 
signed  to  resolve  several  outstanding  controversies  in  SAR 
imaging  theory,  including  the  validity  of  the  velocity  bunching 
model  and  the  reason  for  the  apparent  focus  dependence  of 
SAR  images.  The  present  work  was  carried  out  in  the  context 
of  this  experiment,  having  originated  as  a  numerical  simula¬ 
tion  study  to  compare  the  predictions  of  the  velocity  bunching 
theory  with  the  TOWARD  observations.  The  analytical  work 
described  in  this  paper  was  undertaken  in  attempt  to  under¬ 
stand  the  results  of  the  numerical  simulations.  This  analytical 
work  proved  to  be  more  fruitful  than  had  been  anticipated 
and  as  a  result -has  largely  supplanted  the  numerical  simula¬ 
tion  studies  undertaken  in  the  earlier  part  of  the  investigation. 

2.  SAR  PROCESSING- AND  Sl’HCTRAL  ESTIMATION 

The  conventional  procedure  for  estimating  wave  spectra 
from  SAR  images  is  to  Fourier  transform  the  image  intensity 
and  then  to  relate  the  resulting  two-dimensional  image  spec¬ 
trum  to  the  wave  spectrum  using  some  type  of  inversion  tech¬ 
nique.  An  example  of  such  a  procedure,  which  simplifies  the 
inversion  by  assuming  a  linear  modulation  transfer  function,  is 
given  by  Monaldo  and  Lyzenga  [1986], 

A  modification  of  this  procedure  was  developed  by  Hasscl- 
mann  [1980]  and  further  elaborated  by  Martin  [1981].  This 
modified  procedure,  which  was  named  the  SIFT  algorithm  by 
Hasselmann,  was  intended  to  simplify  the  data  processing  by 
calculating  the  image  spectrum  directly  from  the  raw  SAR 
signals.  The  practical  utility  of  this  procedure  was  questioned 
by  La  1 1  ale  el  al.  [1984],  who  showed  that  it  does  not  provide 
any  significant  computational  reduction  relative  to  the  con¬ 
ventional  method  of  image  formation  and  Fourier  transforma¬ 
tion.  However,  the  expression  developed  by  Hasselmann 
(which  was  arrived  at  independently  during  the  course  of  this 
study,  by  a  slightly  different  route)  has  proved  to  be  very 
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useful  in  providing  insight  into  the  SAR  imaging  process,  as 
was  also  noted  by  Ivanov  [1983],  A  somewhat  simplified  deri¬ 
vation  of  this  expression  is  presented  in  this  section,  and  the 
result  is  used  as  the  starting  point  for  the  discussion  in  section 
3. 

Using  a  well-known  identity,  the  Fourier  transform  of  the 
image  intensity  (defined  as  the  squared  magnitude  of  the  com¬ 
plex  image)  may  be  written  as 


K>)  = ; 


:  jj  <(-v,  y)i*(.v, , 


exp  l-j(Kx. x  +  K,.y)]  dx  dy 


=  ||  f,(k;,  K/)F,*(K;  -  kx,  k;  -  kj  <ik‘  ,ik ; 


the  frequencies 

<ox  —  VKX  and  a)y  =  c'Ky  (7) 

Substituting  (5)  into  (1)  results  in  the  expression 

r,(Kx.  *y  =  ft*  ||  Fs(iox,  wy)Fs*(cox  -  VKX,  (O,.  -  c'Ky) 

•  exp  [— j((oxxx  +  Wj.r,)]  <hox  dojy  (8) 


T*  2  PV  Ty  2  P'c'  ( 

<P  =  Kx2/4P  +  Ky2/4fi'  (10) 

Equation  (8)  is  similar  to  Hassclmann’s  SIFT  expression,  but 
it  involves  the  Fourier  transform  of  the  received  signal  rather 
than  the  signal  itself.  However,  by  substituting  (6)  into  (8)  and 
integrating  over  (ox  and  ioy  one  readily  obtains  the  result 


F,{KX,  K})  =  —  || /(. v,  y)  exp  L~j(Kxx  +  K,.y)]  dx  dy  (2)  F‘{K"  Kr>  =  +  T"  *'  +  T'J 


is  the  Fourier  transform  of  the  complex  image  i(x,  y).  The 
complex  image  is,  in  turn,  obtained  by  convolving  the  received 
signal  with  the  reference  function  h(x,  y),  i.e., 

/(; v,  y)  =  ||s(f,  r’)/i(.v  -  F/,  y  -  c't')  dt  dt'  (3) 

where  the  received  signal  s(t,  t')  has  been  written  in  terms  of 
the  "slow”  time  /  between  pulses  and  the  “fast"  time  /',  which 
is  used  to  describe  the  time  variation  of  the  signal  within  each 
returned  pulse.  The  transformation  from  temporal  to  spatial 
coordinates  involves  the  platform  velocity  V  in  the  along- 
track  or  azimuth  direction  (.v)  and  the  constant  o'  =  c/'(2  sin  0) 
in  the  cross-track  or  range  direction  (y),  where  c  is  the  speed  of 
light  and  0  is  the  angle  of  incidence. 

The  form  of  the  reference  function  depends  on  the  transmit¬ 
ted  waveform,  which  is  assumed  to  be  a  linear  FM  chirp 
signal.  The  motion  of  the  platform  produces  a  similar  fre¬ 
quency  modulation  of  the  signal  in  the  slow  time  /.  Hence  the 
appropriate  reference  function  has  the  form 

/i(.v  -  Ft,  y  -  c't')  =  C  exp  [jp(x  -  Ft)2  +  Jfl\y  -  c't’)2]  (4) 

where  C  =  {(lll')v,,in  is.a  normalization  constant.  Normally, 
the  factors  ji  and  /!'  are  chosen  to  match  the  chirp  rate  of  the 
signal  in  order  to  produce  optimum  focusing  of  point  targets. 
However,  it  is  important  to  note  that  no  assumptions  about 
the  values  of  /i  and  /?'  need  to  be  made  to  derive  the  SIFT 
algorithm.  Thus  for  the  moment  these  will  be  considered  as 
free  parameters. 

Since  the  complex  image  is  obtained  from  a  convolution  of 
the  received  signal  with  the  reference  function,  its  Fourier 
transform  can  be  written  as  the  product  of  the  Fourier  trans¬ 
forms  of  these  two  quantities,  i.c., 

F,(K„  Ky)  m  F,(wA,  W>)  exp  [-j(K,2/4/i  +  Ky2/4/I')]  (5) 


F,(wa.  0Jy)  =  ||  s(t,  n  exp  [ -j(ioxt  +  «y ')]  dt  dt’  (6) 

is  the  Fourier  transform  of  the  received  signal,  evaluated  at 


■  exp  [— j(mxt  +  to,./')]  dt  dt'  (1 1) 

which  is  equivalent  to  Hasselmann’s  expression,  except  for  the 
phase  factor  e~**  (which  of  course  does  not  affect  the  mag¬ 
nitude  of  Ff)  and  the  tapering  functions  which  Hasselmann 
includes  in  order  to  account  for  the  effect  of  the  Fourier  trans¬ 
form  window.  Note  that  since  the  received  signal  is  sampled 
discretely,  the  integral  in  (11)  is  actually  evaluated  as  a  finite 
sum,  and  the  wave  number  resolution  may  be  limited. by  the 
sample  spacing  (the  resolution  may  also  be  influenced  by  the 
size  of  the  Fourier  transform  window,  as  was  shown  by  Hass¬ 
elmann).  On  the  other  hand,  if  (8)  is  used  to  calculate  the 
image  spectrum,  the  resolution  is  not  limited  by  the  time 
sample  spacing  but  is  determined  by  the  spacing  between  fre¬ 
quency  samples,  which  depends  on  the  total  time  interval  over 
which  the  Fourier  transform  of  the  signal  is  evaluated. 

3.  Rm.ATtoN.OH  the  Image  Spectrum  to 
the  Surface  Conditions 

Aside  from  its  possible  value  as  a  data  processing  technique, 
(II)  is  useful  for  investigating  the  relationship  between  the 
image  spectrum  and  the  surface  conditions,  as  described  by 
the  reflectivity  statistics.  Neglecting  for  the  moment  the  effects 
of  the  finite  antenna  beam  width  and  pulse  length,  the  signal 
received  by  a  SAR  may  be  represented  by 


s(l.  /')  =  |  r(x. 


■  exp  [  —jk(x  —  Vt)2/R  -//(/'  -  ylc')2/ 2]  dx  dy  (12) 

where  r(x,  t )  is  the  complex  reflectivity  of  the  surface,  k  is  the 
radar  wavenumber,  R  is  the  range  distance  to  the  surface,  and 
•/  is  the  chirp  rate  of  the  transmitted  signal.  The  surface  has 
been  assumed  to  be  "frozen”  over  the  fast  lime  scale  (i.e.,  over 
the  duration  of  each  pulse)  but  to  vary  from  pulse  to  pulse. 
Following  Hasselmann  el  id.  [1985].  the  complex  reflectivity  is 
assumed  to  have  second-order  statistics  as  described  by 

</(x,  f)r*(x',  l  +  t)>  =  (5(x  -  x>0(x,  l)p(x.  1,  t)  (13) 

where  <t0(x.  /)  is  the  radar  cross  section  per  unit  area  and  />(x, 
/.  r)  is  the  normalized  temporal  correlation  function.  The  5 
correlation  property  expressed  by  the  term  <5(x  —  x)  m-(13) 
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represents  an  important  simplifying  assumption,  as  will  be 
seen  below.  This  assumption  is  supported  by  the  available 
evidence,  as  discussed  by  Hassclmann  ct  al.,  although  it  is 
conceivable  that  it  breaks  down  under  certain  conditions.  The 
radar  cross  section  is  assumed  to  vary  slowly  in  time  and 
space,  owing  to  the  combined  effects  of  surface  tilting  and 
hydrodynamic  modulation.  In  many  cases,  the  temporal 
and/or  spatial  spectrum  of  the  radar  cross  section  may  be 
assumed  to  be  proportional  to  the  surface  wave  height  or 
wave  slope  spectrum,  with  the  constant  of  proportionality  de¬ 
fined  as  the  radar  modulation  transfer  function.  The  temporal 
correlation  function  is  the  Fourier  transform  of  the  reflectivity 
variance  spectrum,  which  is  commonly  assumed  to  have  a 
Gaussian  shape  with  a  center  frequency 

=  2 kVr(x,  t)  (14) 

and  a  half  width  (standard  deviation)  <r a  which  may  be  a 
function  of  position  and  time,  but  which  for  the  present  is 
considered  a  constant.  The  temporal  correlation  function  is 
then  also  a  Gaussian  function,  i.e., 

p(x,  t,  r)  =  exp  [— t2/2tc*  +jioc r]  (15) 

where  rt  is  a  correlation  time,  which  is  defined  as  the  inverse 
of  <tm  (in  radians  per  second).  Note  that  the  radial  velocity  Vr 
can  be  calculated  from  the  orbital  velocity  of  the  waves,  e.g., 
for  a  surface  wave  with  amplitude  aw  and  wave  number  Kw, 

Fr(x,  r)  =  auX2B.#,  4>)  sin  (Kk.  •  x  -  fiH.f)  (16) 
where  flH.  is  the  wave  frequency  and 

g(0,  </>)  =  (cos2  0  +  sin2  0  sin2  tpY12  (17) 


which  corresponds  to  the  nominal  focus  setting.  However,  if 
the  surface  reflectivity  statistics  arc  nonstationary,  the  integra¬ 
tion  over  time  may  yield  a  maximum  at  fl  #  0.  For  example,  if 
the  radar  cross  section  is  of  the  form 

-T0(x,  ()  =  1  +  flM  cos  (Kh.  -  x  -  nH.t)  (23) 

and  the  temporal  correlation  function  is  assumed  to  be  con¬ 
stant,  the  integral  in  (19)  has  a  maximum  value  for  O  =  f 
Kx  =  Kwx  and  Ky  =  Kwy.  This  implies  that  <F,(KX',  AC,.))  is 
maximized  for 

KX'»K„-QJV  Ky=Kwr  (24) 


which  is  equivalent  to  the  quadratic  phase  coefficient  required 
to  focus  a  discrete  scatterer  moving  with  an  azimuthal  velocity 
equal  to  half  the  azimuthal  phase  velocity  of  the  pattern.  Note 
that  the  focus  effect  in  this  case  is  due  not  to  any  actual  scene 
motion  (since  the  temporal  correlation  function  was  assumed 
to  be  constant)  but  rather  to  the  translation  of  the  modulation 
pattern  across  the  scene.  The  difference  between  the  image 
wave  number  Kx'  and  the  pattern  wave  number  Kwx  is  due  to 
the  scanning  distortion  discussed  by  Raney  anti  Lowry  [ 1978]. 

The  effect  of  a  finite  pulse  length  or  range  bandwidth  can  be 
shown  to  merely  weight  the  spectrum  by  a  roll-off  function  in 
Ky.  The  effect  of  a  finite  azimuth  bandwidth,  or  integration 
time,  is  somewhat  more  complicated.  If  an  antenna  weighting 
function  of  the  form 

£/(-v  -  Vt)  =  exp  [-(.v  -  F/)2/F2T2]  (26) 


where  0  is  the  incidence  angle  and  ij>  is  the  wave  propagation 
direction  relative  to  the  SAR  azimuth  direction. 

Substituting  (12)  into  (1 1),  taking  the  ensemble  average,  and 
using  the  6  correlation  property  expressed  in  (13)  to  reduce 
two  of  the  spatial  integrations,  one  finds  that  the  fast  time 
dependence  of  the  integrand  drops  out  if  the  parameter  /?'  is 
chosen  to  match  the  chirp  rate  of  the  transmitted  signal,  i.e., 

!>'  =  >'/(2c'2)  (18) 


With  this  choice,  the  integration  over  t'  becomes  trivial,  and 
we  obtain  the  central  result 


<W,  *>■)>  =  <r*'  | 


(T0(X,  f)/)(x,  f,  Tx 


is  inserted  in  (12)  and  carried  through  into  (19),  the  result  is  a 
weighting  of  the  integrand  by  the  function 

u(.v,  ,)  =  exp  [  — rx2/2r2]  exp  [-2(.v  -  Vt  -  VzJ2 )2/F2T2] 

(27) 

The  first  term  on  the  right-hand  side  of  this  equation  produces 
a  i  oll-off  in  AC,  analogous  to  that  caused  by  a  finite  range 
bandwidth.  The  second  term  essentially  defines  the  Fourier 
transform  window  in  the  x-t  plane.  Thus  the  resulting  Fourier 
transform  is  equal  to  the  infinite  bandwidth  result  convolved 
with  the  function 

>v(AC„  Q)  =  cxp  [-n2  T2/8]S(KX  -  Si/V)  (28) 


•  exp  [~j(Kxx  +  Kyy  -  Of)]  dx  dy  at  (19) 

where 

AC,'  =  WR/k)Kx  Q=V(KX-KJ)  r,  =  Kx  (20) 

f  =  Kjn/4/IV  (21) 

According  to  this  result,  the  Fourier  transform  of  the  SAR 
image  intensity  is  equivalent  to  the  three-dimensional  Fourier 
transform  of  the  surface  reflectivity  covariance  function,  the 
third  (temporal)  dimension  being  obtained  by  varying  the 
focus  parameter  /A. 

For  a  stationary  surface,  the  integration  over  time  in  (19) 
yields  a  maximum  value  when  the  parameter  Q  is  equal  to 
zero,  or 

(22) 


where  the  <5  function  is  interpreted  as  a  function  having  a 
width  equal  to  the  inverse  of  the  scene  length  (i.e.,  the  sample 
spacing  in  the  digital  fast  Fourier  transform  of  the  image).  The 
effect  of  this  smearing  function  on  the  spectrum  is  sketched  in 
Figure  1.  The  spectral  resolution  in  either  the  Kx  direction  or 
the  n  direction  can  be  increased  by  increasing  the  scene 
length,  but  the  spectral  resolution  along  the  diagonal  direction 
is  limited  by  the  integration  time  T  (assuming  that  the. scene 
length  is  greater  than  VT).  If  the  spectral  peak  is  less  than  this 
resolution  length  away  from  the  K,  axis,  i.e., 

fl„.£l/V  (29) 

then  the  spectral  density  at  fl  =  0  (i.e.,  with  the  nominal  focus 
setting)  is  nearly  equal  to  the  peak  value.  On  the  other  hand,  if 
the  integration  time  is  an  appreciable  fraction  of  the  period 
=  2rt/ft„,  then  some  increase  in  the  image  contrast  or  spec¬ 
tral  density  can  be  obtained  by  refocusing. 


II  =  k/R 
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Lyzenga:  Synthetic  Aperture  Radar  Image  Spectrum  for  Ocean  Waves 


(a)  Weighting  (aperture)  (b)  Spectral  resolution 

(unction  (unction 


K* 


Fig.  1.  Sketches  of  (<i)  the  weighting  or  aperture  function  h{.y,  f), 
(b)  the  Fourier  transform  of  this  aperture  function,  (c)  a  hypothetical 
narrowband  spectrum  as  it  would  be  observed  with  an  ideal  (infinite 
resolution)  system,  and  (</)  the  same  spectrum  as  observed  with  an 
aperture  function  h(.y,  t). 

4.  Velocity  Bunching  Nonlinearities 
The  velocity  bunching  effect  is  caused  by  spatial  variations 
in  the  mean  radial  velocity  over  length  scales  larger  than  the 
SAR  resolution.  This  effect  may  be  illustrated  by  assuming 
that  the  radial  velocity  varies  as  shown  in  (16).  From  (14) 
through  (17),  the  temporal  correlation  function  of  the  reflec¬ 
tivity  is  then  given  by 

p(x,  I,  t,)  =  exp  +  v'aK.  sin  (K„.  •  x  -  fi„./)]  (30) 

where 

a„.  =  2ktxaJljA0,  <[>)  (31) 

For  simplicity,  we  will  assume  in  addition  that  the  radar  cross 
section  per  unit  area  <r0  is  constant.  Substituting  (30)  into  (19) 
and  using  the  Bessel  function  expansion 

00 

exp  (ja  sin  0)  =  £  J„(a)  exp  (jn<t>)  (32) 

n  ■  -  oo 

the  result  (neglecting  the  phase  factor  e'-w"  in  (19))  is  then 
<F((KV',  Ky))  =  <t0  exp  (— tx2/2tc2) 

■  £  J„(<xa)6(nKwx  -  Kx)ti(iiKwy  -  Kt)S(nn„  -  O)  (33) 

where 

=  »  £  ii„KwxCl„<i(0,  4>)  (34) 

The  nonlinearity  of  this  mechanism  is  manifested  by  the  ap¬ 
pearance  of  harmonics  in  the  spectrum.  The  amplitudes  of  the 
harmonics  arc  reduced  by  the  roll-off  effect  (given  by  the  ex¬ 
ponential  term  in  (33))  associated  with  the  finite  coherence 
time  tf.  Neglecting  this  roll-off  effect,  all  of  the  harmonics 
would  have  equal  amplitudes  when  a,  ss  1.  The  amplitude  of 


the  first  harmonic  (it  =  I)  increases  with  the  wave  amplitude 
until  a,  reaches  a  value  of  approximately  2,  after  which  the 
amplitude  of  the  first  harmonic  begins  to  decline.  Note  that  a, 
is  equivalent  to  the  nonlinearity  parameter  defined  by  Alpers 
etui.  [19811. 

Another  aspect  of  the  nonlinearity  in  the  velocity  bunching 
mechanism  can  be  illustrated  by  considering  the  superposition 
of  two  surface  waves  with  amplitudes  aw  and  ajt  and  wave 
numbers  K„.  and  K„.'.  For  this  case, 

/>(x,  t,  t)  =  exp  (~tx2/2zc2) 

•  I  exp  [MKh.  -  X  -  nK.t)] 

n"  “oo 

oo 

•  I  JmK)  exp  -  X  -  ft,.'/)]  (35) 

— oo 

which,  when  substituted  into  (19),  yields 
<F,(K,\  *,)>  =  ff0  e><P  (-tv2/2t f2) 

•  t  1  +  mKJ  -  Kx) 

nm  —  x  m  ■  “ cc 

•  6(n Kwy  +  mKw -  Ky)S(n[in  +  mSlJ  -  «)  (36) 

where  a„„,  represents  the  value  of  aK.  evaluated  at  Kx  =  nKwx 
+  niKwx  and  represents  the  value  of  aj  evaluated  at  the 
same  wave  number.  In  addition  to  the  appearance  of  false 
responses  at  the  sum  and  difference  frequencies  (e.g.,  for  n  =  1, 
m  =  I  and  for  n  =  I,  m  =  —  I,  respectively),  this  equation  indi¬ 
cates  that  the  spectral  response  to  each  wave  component  can 
be  reduced  by  the  presence  of  the  other.  Specifically,  the  spec¬ 
tral  amplitude  at  the  wave  number  of  the  first  component 
(n  =  1,  m  =  0)  is  reduced  by  the  factor  ^0(a10'),  while  the  am¬ 
plitude  at  the  second  wave  number  (it  —0,  m  =  1'  is  reduced 
by  the  factor  J0(a <>,).  Note  that  this  effect  causes  a  larger 
suppression  of  the  wave  component  with  the  smaller  ampli¬ 
tude  and  would  therefore  appear  to  be  capable  of  producing 
an  apparent  narrowing  of  the  spectral  peak  under  certain  con¬ 
ditions.  On  the  other  hand,  the  false  responses  at  the  sum  and 
dillerence  frequencies  would  appear  to  have  the  opposite  effect 
of  broadening  the  spectrum.  The  formalism  presented  here 
allows  these  nonlinear  eflects  to  be  investigated  analytically,  at 
least  to  second  order  in  the  wave  amplitude.  However,  such  an 
investigation  is  beyond  the  scope  of  the  present  paper. 

5.  A  Linear  Approximation  for  the 
Image  Spectrum 

If  the  radial  velocity  Vr  and/or  the  time  lag  t  is  sufficiently 
small,  so  that  2kVrz  «  1,  the  reflectivity  covariance  function 
may  be  approximated  as 

<70(x,  t)/>(x.  t,  t)  =  ff0(x,  i)[l  +j2kVr(x,  /)r] 

•  exp  (-t2/2t,j)  (37) 

If,  in  addition,  the  variations  in  the  radar  cross  section  consist 
of  small  perturbations  about  a  mean  value  50,  i.e., 

rr0(x,  0  =  cr0[I  03  (38) 

where /(x,  t) «.  I,  the  covariance  function  can  be  further  ap¬ 
proximated  by 

<r0(x,  /)/>(x,  t.  t)  =  <t0[I  +/(x,  t)  +j2kV,{x,  t) r] 

•exp(-r2/2Tf2)  (39) 
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The  three-dimensional  Fourier  transform  of  this  covariance 
function  may  be  written  as 

FC(KX,  Kyt  Q)  =  g0{5(Kxmf)W) 

+  [mK  +  2fcrfi(cos  0  +  j  sin  0  sin  </>)] 

•  F.(KX,  AC,,  O)}  exp  (— T2/2rt2)  (40) 

where 

F:(KX,  Ky,  0)  =  Fh(Kx,  Kyy 5[«  -  (r/K)1'2]  (41) 

is  the  Fourier  transform  of  the  surface  elevation,  K  =  ( Kx 2 
+  Ky2)'12,  and  m  is  a  dimensionless  radar  modulation  transfer 
function  [e.g.,  Plain  et  al.,  1983]. 

The  expected  value  of  the  Fourier  transform  of  the  SAR 
image  intensity  is  then  given  by  the  convolution  of  FC(KX,  Ky , 
fi)  with  the  Fourier  transform  of  the  antenna  weighting  func¬ 
tion,  as  given  in  (28).  Neglecting  the  d.c.  term,  this  convolution 
yields  the  result 

<F,(K,\  K,)>  =  <x0G(ft  -  Sik)[Rm  +  KJFJK*  Ky) 


■  exp  (-tx2/2t,2) 

(42) 

G(n)  =  cxp(-n2r2/8) 

(43) 

O  =  VKx'(<x  -  1) 

(44) 

Rm  =  mK 

(45) 

R,,  =  2ArTQi(cos  0  +  j  sin  0  sin  <j>) 

(46) 

K'R 

X*  ~  2k  V  “ 

(47) 

—  CIJV  is  the  image  wave  number,  Sik  = 

(<JK)U2 

is  the  wave  frequency,  T  is  the  integration  time,  and  «  =  k/ftR 
is  a  dimensionless  focus  parameter  which  is  equal  to  1  for  the 
nominal  focus  setting.  Note  that  Rm  and  Rv  are  both  complex 
quantities  and  can  add  constructively  or  destructively  depend¬ 
ing  on  their  relative  phases.  Except  for  the  dependence  on  the 
focus  parameter  a,  the  linear  approximation  given  in  (42)  is 
similar  to  the  results  obtained  by  previous  investigators.  For 
example,  Rt,  is  equivalent  (except  for  the  dependence  on  a)  to 
the  velocity  bunching  transfer  function  discussed  by  Alpers  el 
at.  [1981],  and  the  exponential  term  in  (42)  is  equivalent  to  the 
azimuth  falloff  function  discussed  by  Monaldo  and  Beal 
[1986]. 

Since  the  Fourier  transform  is  a  complex  quantity  whose 
phase  is  not  generally  of  interest,  the  usual  procedure  is  to 
compute  and  display  the  squared  magnitude  of  the  Fourier 
transform  of  the  image.  The  resulting  quantity  is  referred  to  as 
the  image  spectrum.  Using  the  Gaussian  moment  theorem 
[Rm/,  1962],  the  expected  value  of  this  quantity  can  be  shown 
to  be  equal  to  the  squared  magnitude  of  < F,(KX,  Ky)>  plus  a 
constant,  which  may  be  interpreted  as  the  contribution  of  co¬ 
herent  speckle  to  the  image  spectrum.  The  value  of  this  con¬ 
stant  can  be  derived  by  noting  that  speckle  is  a  multiplicative 
white  noise  process  whose  variance  is  equal  to  the  square  of 
the  mean  image  intensity,  for  one-look  or  fully  coherent  pro¬ 
cessing  [Alpers  and  Hassclmaim,  1982],  The  resulting  ex¬ 
pression  for  the  expected  value  of  the  image  spectrum  can  be 
written  as 

<S,(K;,  K,.)>  =  5 02G2(Q  -  QK)\Rm  +  RJ2  SJKX,  Ky) 

■  exp  (— T//rt2)  +  cr02  px  pr  (48) 


where  S„{KX,  Ky)  is  the  wave  height  spectrum,  px  is  the  azi¬ 
muth  resolution,  and  py  is  the  range  resolution  of  the  SAR. 
The  term  G2(fl  —  fl*)  is  maximized  for  Q  =  or 

a  =  1  +  CIJVK;  (49) 

which  produces  the  dominant  focus  effect.  However,  Rr  and  rx 
also  depend  on  the  focus  parameter,  and  this  dependence  can 
cause  the  optimum  focus  to  differ  from  the  value  given  in  (49). 
Two  conditions  appear  to  be  necessary  for  the  focus  effect  to 
be  observable.  First,  the  integration  time  T  must  be  an  ap¬ 
preciable  fraction  of  the  wave  pc;:od  (as  discussed  in  section 
3),  so  that  G2(0)  is  significantly  larger  than  G2(fl*).  Second,  the 
azimuthal  phase  velocity  Cik/Kx  of  the  waves  must  be  an  ap¬ 
preciable  fraction  of  the  platform  velocity  V,  so  that  the  opti¬ 
mum  value  of «  differs  significantly  from  1.  These  conditions 
are  generally  met  for  L  band  data  collected  from  aircraft  plat¬ 
forms  but  arc  not  met  for  radars  operating  at  higher  fre¬ 
quencies  (such  as  X  band)  or  from  satellite  platforms. 


6.  Example  Results  for  TOWARD 

The  TOWARD  experiment  data  sets  which  have  been  most 
completely  analyzed  to  date  are  those  collected  on  October 
31,  1984.  The  data  segments  considered  here  were  collected 
with  an  R/V  ratio  of  52  s,  at  an  incidence  angle  of  35°,  and 
with  the  flight  direction  parallel  (and  antiparallel)  to  the  domi¬ 
nant  wave  propagation  direction, 

The  wave  spectrum  obtained  from  the  in-situ  data  collected 
for  this  case  contains  a  fairly  narrow  peak  at  a  wave  number 
of  approximately  0.047  ra-<*'m  (i.e.,  a  wavelength  of  134  m), 
with  a  significant  waveheijtt  of  1.23  m.  If  all  of  the  height 
variance  were  associated  with  a  single  wave  component,  the 
amplitude  of  this  component  would  be  approximately  044  m. 
This  amplitude,  combined  with  the  data  collection  parameters 
listed  above  produces  a  value  of  0.6  for  the  parameter  a, 
defined  in  (34).  Therefore  nonlinear  effects  are  not  expected  to 
be  very  important  for  this  case.  The  coherence  time  was  calcu¬ 
lated  from 

t,  =  l/(2fcff,,)  (50) 

where  <r,,  is  the  standard  deviation  of  the  radial  velocities 
within  a  SAR  resolution  cell.  This  standard  deviation  was 
assumed  to  be  0.20  m/s,  based  on  a  Pierson-Moskowitz-type 
spectrum  for  the  subresolution-scale  waves  and  a  resolution 
cell  size  of  1 1  m.  This  results  in  a  coherence  time  of  about  0.1 
s.  However,  because  of  the  uncertainty  in  this  parameter,  cal¬ 
culations  were  also  made  with  r(  reduced  to  half  this  value, 
i.e..  0.05  s. 

The  SAR  spectrum  was  calculated  from  (48)  at  the  peak 
wave  number,  as  a  function  of  the  focus  parameter  a,  for  two 
SAR  passes  flown  in  opposite  directions  (during  leg  1  the 
aircraft  heading  was  in  the  wave  propagation  direction,  and 
during  leg  2  the  aircraft  heading  was  opposite  to  the  wave 
propagation  direction).  The  radar  cross  section  was  assumed 
to  be  constant  for  these  calculations,  and  the  integration  time 
was  taken  to  be  1.43  s  for  leg  1  and  1.79  s  for  leg  2,  based  on  a 
nominal  azimuthal  resolution  of  4.6  m.  The  results  of  these 
calculations  arc  shown  in  Figures  2  and  3.  The  focus  setting  is 
expressed  in  these  plots  in  terms  of  the  equivalent  azimuthal 
target  velocity  or  platform  velocity  correction 


K  =  («-  1W2 


(51) 
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Focus  s«ttingCm/*5 

Fig.  2.  Calculated  image  spectrum  versus  focus  setting  for  the 
TOWARD  data  set  collected  during  leg  1  on  October  31,  1984.  The 
top  curve  is  for  a  coherence  time  of  0.1  s,  and  the  bottom  curve  is  for 
a  coherence  time  of  0.0S  s. 


where  V  is  the  platform  velocity,  which  was  273  m/s  for  leg  1 
and  218  m/s  for  leg  2.  Note  that  the  optimum  focus  setting 
corresponds  to  approximately  half  the  phase  velocity  of  the 
waves  (i.e.,  about  7.5  m/s),  and  has  opposite  signs  for  the  two 
flight  directions.  The  optimum  focus  settings  reported  by  Taji- 
rian  [this  issue]  are  of  the  order  of  5-15  m/s,  with  opposite 
signs  for  the  data  sets  collected  with  opposite  headings.  These 
observations  agree  qualitatively  with  the  predictions  shown  in 
Figures  1  and  2,  although  the  magnitudes  of  the  observed 
focus  shifts  tend  to  be  somewhat  larger  than  the  predictions. 
More  detailed  comparisons  with  the  TOWARD  data  are  in 
progress  and  will  be  reported  separately. 

7.  Conclusions 

The  central  conclusion  presented  in  this  paper  is  that  the 
SAR  image  spectrum  is  essentially  equivalent  to  the  three- 
dimensional  spectrum  of  the  surface  reflectivity  covariance 
function,  evaluated  at  a  time  lag  which  depends  on  the  wave 
number  and  the  R/V  ratio  of  the  SAR.  The  third  (temporal) 
dimension  of  this  spectrum  is  obtained,  within  the  limits  im¬ 
posed  by  the  short  integration  time  of  most  SAR  systems,  by 
varying  the  processor  focus  setting. 


Focus  setting(m/s) 

Fig.  3.  Calculated  image  spectrum  versus  focus  setting  for  the 
TOWARD  data  set  collected  during  leg  2  on  October  31,  1984.  The 
top  curve  is  for  a  coherence  time  of  0.1  s,  and  the  bottom  curve  is  for 
a  coherence  time  of  0.05  s. 


By  modeling  the  reflectivity  covariance  function  in  terms  of 
the  surface  motion  statistics,  an  expression  for  the  image  spec¬ 
trum  is  obtained  which  agrees  with  previous  descriptions  of 
the  velocity  bunching  process,  except  for  the  inclusion  of  focus 
effects.  This  expression  also  illustrates  various  effects  resulting 
from  the  nonlinearity  of  the  velocity  bunching  process  and 
allows  analytical  investigations  of  these  nonlinearities  to  be 
carried  out. 

Predicted  image  spectra  for  two  TOWARD  data  sets  indi¬ 
cate  that  the  optimum  focus  setting  corresponds  to  a  velocity 
correction  of  the  order  of  half  the  longwave  phase  velocity, 
and  reverses  sign  depending  on  the  direction  of  motion  of  the 
SAR  platform.  These  predictions  agree  qualitatively  with  the 
TOWARD  observations,  although  the  magnitude  of  the  focus 
shift  seems  to  be  slightly  smaller  than  has  been  observed  in  the 
data  sets  analyzed  to  date. 
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Comparisons  of  Simulated  and  Actual  Synthetic  Aperture  Radar 

Gravity  Wave  Images 

Robert  O.  Harger  and  Can  E.  Korman 

Electrical  Engineering  Department,  University  of  Maryland,  College  Park 

The  synthetic  aperture  radar  (SAR)  images  obtained  with  the  Jet  Propulsion  Laboratory’s  L  band 
system  in  the  Tower  Ocean  Wave  and  Radar  Dependence  (TOWARD)  oceanographic  experiment  are 
compared  with  images  generated  by  a  simulation  program  implementing  a  SAR  ocean  imaging  model 
based  on  two-scale  hydrodynamic  and  electromagnetic  scattering  approximate  models.  A  critically  re¬ 
garded  test  of  a  theory  of  SAR  ocean  imaging  is  its  prediction  of  the  best  image  focus  dependence  on 
surface  motion.  The  primary  means  of  comparison  here  is  an  estimate  of  the  best  focus  parameter  that 
uses  a  subimage  cross-correlation  technique.  The  focus  parameter  estimates  for  both  the  actual  and 
simulated  images  show  (1)  a  reversal  in  sign  with  reversal  in  dominant  longwave  direction  relative  to  the 
SAR  direction,  (2)  a  magnitude  increase  with  an  increase  in  magnitude  of  the  angle  between  the  domi- 
— •  long  wave  and  SAR  axes,  and  (3)  an  independence  of  the  altitude  and  also  the  range-to-vclocity 
ratio.  All  equivalent  velocity  estimates  are  of  the  order  of  the  dominant  longwave  phase  velocity, 
normalized  by  the  SAR  vehicle  velocity,  and  agree  well  qualitatively  though  there  are  some  quantitative 
differences.  These  behaviors  are  in  agreement  with  a  related  analytical  prediction.  The  “visibility"  of  the 
long  waves'  SAR  image  artifacts,  for  this  TOWARD  data  set,  increased  with  increased  altitude  and  also 
with  increased  range-to-velocity  ratio  for  both  the  actual  and  simulated  images,  as  was  predicted  by  a 
related  analysis.  Agreement  of  spectral  density  estimates  of  the  actual  and  simulated  SAR  images  gener¬ 
ally  required  an  order  of  magnitude  increase  in  the  strength  of  the  hydrodynamic  interaction  of  the  long 
and  short  waves.  This  may  indicate,  as  have  surface  measurements  in  TOWARD  and  other  experiments, 
that  the  two-scale  model  does  not  fully  describe  this  nonlinear  interaction.  With  this  interaction  adjust¬ 
ment,  a  comparison  of  actual  and  simulated  images  using  an  alternative  focus  criterion  showed  very  close 
agreement  in  some  cases. 


Introduction 

A  comparison  is  presented  of  predictions  of  a  theoretical 
model  for  synthetic  aperture  radar  (SAR)  imagery  of  two-scale 
ocean  gravity  waves  with  actual  imagery  obtained  by  the  L 
band  SAR  of  the  Jet  Propulsion  Laboratory  (JPL)  during  the 
Tower  Ocean  Wave  and  Radar  Dependence  Experiment 
(TOWARD).  The  comparison  will  be  made  employing  a  simu¬ 
lation  program,  realizing  the  theoretical  model,  that  can  pro¬ 
duce  SAR  images.  A  specific  comparison  is  the  measurement 
of  an  “optimal  focus  parameter,”  applied  to  both  the  simulat¬ 
ed  and  actual  SAR  complex,  high-rcsolution  imagery  for 
imaging  runs  of  October  31,  1984.  It  was  felt  that  in  particular, 
the  image  behavior  with  respect  to  focus  parameter  variation 
in  these  selected  runs,  with  their  variation  in  relative  direction 
and  altitude,  could  be  a  discriminator  and/or  validator,  in 
part,  of  proposed  theories. 

The  thcorctical  modcl  under  discussion  here  is  an  extension 
of  that  due  to  Harger  [1981,  1986]  which  synthesized  three 
basic  models.  (1)  The  hydrodynamic  model  employed  is  based 
on  a  two-scale,  or  WBK.  theory  discussed  by  Phillips  [198 1«, 
/>].  (2)  The  electromagnetic  scattering  model  employed  is  that 
appropriate  to  a  two-scale  surface  as  discussed  by  Bass  et  al. 
[1968],  Bass  anti  Fttks  [1979],  Writjlu  [1966,  1968],  Val¬ 
enzuela  [1968],  and  others.  (3)  The  SAR  imaging  model  is  that 
for  an  extended,  time-varying  scene  due  to  Harger  [1980].  For 
application  here  it  was  desirabie  to  extend  that  theory  to 
allow  a  nonmonochromatic  long  wave;  because  such  a  hy¬ 
drodynamic  theory  is  only  now  under  development  [Longuel- 
lliggins,  1987],  an  ad  hoc  generalization  was  used  that  is  rea¬ 
sonable  for  the  narrowband  longwave  fields  encountered  in 
the  TOWARD  experiment  on  this  date. 
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The  resulting  model,  given  in  the  appendix,  is  somewhat 
involved:  its  attributes  can  be  discovered  by  analytic  means 
seemingly  only  with  difficulty,  even  approximately.  Therefore 
a  simulation  program  embodying  it  was  written  to  produce 
high-rcsolution,  complex  SAR  images  of  sufficient  extent.  One 
may  then  perform  rather  arbitrary  comparisons  between  the 
simulated  and  actual  SAR  images. 

Examples  of  the  simulated  images  are  shown  in  Figures  1  to 
6  corresponding  to  the  six  actual  runs  to  be  discussed  here. 
The  general  parameters  of  these  runs  are  given  in  Table  1.  In 
each  figure,  the  right-hand  image  is  the  actual  SAR  image  and 
the  center  image  is  the  corresponding  simulated  SAR  image; 
the  left-hand  image  is  the  underlying  long  wave  at  one  instant, 
realized  by  the  simulation  from  the  longwave  directional  fre¬ 
quency  spectrum  measured  roughly  contemporaneously  by 
the  Scripps  Institute  of  Oceanography  (SIO),  assuming  a  zero 
mean,  normal  random  field. 

These  SAR  images  arc  “four-look”  image  magnitudes,  gen¬ 
erated  by  adding  together  incoherently  four  reduced  resolu¬ 
tion  images.  The  actual  SAR  images  have  an  azimuth  and  a 
ground  range  resolution  of  I  I  m  and  13  m,  respectively,  and 
an  extent  of  about  1.3  km  and  1.66  km  in  azimuth  and  ground 
range.  The  simulated  SAR  images  have  azimuth  and  ground 
range  resolutions  equal  to. 8  m  and  an  extent  of  about  1  km  in 
both  azimuth  and  ground  range:  additive  noise  was  adjusted 
to  agree  with  the  estimated  actual  signal-to-noisc.ratio.  andas 
will  be  discussed  later,  the  hydrodynamic  interaction  strength 
was  adjusted  for  improved  agreement  in  its  estimated  spectral 
density  with  that  of  the  actual  data. 

Background 

’flic  sea  surface  height  varies  in  time,  of  course,  and  it  is  well 
known  that  a  scailcrer’s  motion  can  belie  its  azimuth,  or 
along-track,  position  to  a  SAR.  The  along-track  coordinate  of 
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Fig  I  (left)  Simulated  long  wave,  (middle)  simulated  SAR  image,  and  (right)  actual  SAR  image,  run  006. 


l  ig  5  (left)  Simulated  long  wave. (middle)  simulated  SAR  image,  and  (right)  uUual  SAR  image,  run  010. 
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Fig.  6.  (left)  Simulated  long  wave,  (middle)  simulated  SAR  image,  and  (right)  actual  SAR  image,  run  012. 


a  seatterer  is  noted  by  the  instant  its  returned  signal  frequency 
changes  from  "up  Doppler”  to  “down  Doppler,”  giving  its 
time  abeam  (in  the  conventional  SAR).  For  typical  SAR  sys¬ 
tems,  this  Doppler-induced  modulation  on  the  scattered 
signal,  generated  as  the  seatterer  passes  through  the  antenna 
beam,  is  a  linear  frequency  modulation  (FM)  characterized  by 
its  rate  of  change,  denoted  here  by  KSAR.  To  achieve  an  image 
of  the  seatterer  with  a  resolution  typically  small  in  relation  to 
that  normally  set  by  the  antenna  pattern,  the  SAR  processor 
“compresses"  this  “Doppler  history"  using  a  “matched,”  or 
conjugate,  filter  whose  linear  FM  rate  is  —  KSAR.  (For  a  review 
of  the  ideas  of  SAR  see,  for  example,  Harger  [1970].) 

The  two-scale  electromagnetic  scattering  model  employed 
here  approximatesithe  scattered  field  as  a  perturbation  of  the 
field  scattered. at  the  air-sea  boundary  formed  by  the  large- 
scale  height: structure,  that  is,  the  long  wave.  The  perturbed 
part-oFthe  scattered' field  is  due  to  the  boundary  perturbation 
caused  by  the  small-scale  height  structure  (the  short  gravity 
waves  here). 

The  long  wave,  in  the  monochromatic  case,  moves  at  its 
phase  velocity,  and  it  is  reasonable  to  expect  that  (for  exam¬ 
ple)  if  the  long  wave  is  directed  with  the  SAR-bearing  vehicle 
(i.e.,  "with  the  SAR”), -then  the  compression  of  its  image,  rela¬ 
tive  to  a  stationary  wave,  would  be  degraded  but  restored 
with  an  appropriate  decrease  in  the  processor’s  linear  FM  rate 
(i.e.,  by  an  appropriate  refocussing)  corresponding  to  the  de- 
creasedsrelative  -velocity.  In  the  oppositely  directed  case,  the 
relative  velocity  is  greater,  and  an  increase  in  the  processor’s 
linear  FM  rate-would  be  expected  to  refocus  the  image. 

Generally  speaking,  observations  in  major  oceanographic 
experiments  over  a  decade  (see,  for  example,  reports  by  S'/ihc/i- 
man  ami  Zelenka  [1978]  and-  Shuchman  and  Shenulm  [1983] 
on  the  Marineland  experiment  and  Jain  ami  Shemdin  [1983] 
on  the  MARSEN  experiment)  and  also  in  the  TOWARD  ex¬ 
periment  have  confirmed  this  prediction.  While  the  experi¬ 
mental  methods  and  the  proportionality  constant  were  subject 
to  debate,  itsis-fair  to  say  that  the  best  focus  correction  was 


TABCE  1.  SAR'Direction,  Altitude,  and  Velocity  for  Selected 
Runs  of  October  31,  1984 


Run 

Direction, 

deg 

COS  (0) 

Altitude, 

m 

Velocity, 

m/s 

tf(/VSAR> 

S 

006 

110 

0.985 

14,640 

273 

94 

007 

260 

-0.940 

14,630 

214 

119 

008 

320 

-0.766 

14,640 

220 

116 

009 

290 

-0.985 

14,640 

218 

117 

010 

110 

0.985 

7.759 

229 

59 

012 

260 

-0.940 

2,690 

133 

35 

The  dominant  long  wave’s  direction  was  100°;  the  cosine  of  the 
(least)  angle  to  the  SAR  direction’s  axis  is  also  given,  along  with  the 
nominaUslant-range-to-vclocity  ratio. 


always  found  to  be  of  the  order  of  the  longwave  phase  veloci¬ 
ty.  In  fact,  this  can  be  concluded  merely  by  observing  a  set  of 
SAR  images  processed  with  various  focus  parameter  values,  as 
has  been  done  with  the  TOWARD  SAR  images  by  Shemdin. 
As  an  example,  shown  in  Figure  7  are  actual  SAR  images, 
processed  with  best  focus,  no  focus,  and  worst  focus,  for  focus 
corrections  taken  in  a  set  defined  below. 

Detailed  consideration  of  the  motion  effects  is  rather  com¬ 
plicated.  For  example,  the  small-scale  height  structure  per¬ 
turbing  the  large-scale  height  structure  (the  short  gravity 
waves  which  are  needed  for  backscatter  at  intermediate  inci¬ 
dence  angles)  also  have  their  intrinsic  motion  and  motion  due 
to  their  residence  on  the  long  wave.  Other  points  of  view  have 
been  advanced  which  ascribe  the  basic  motion  to  scattering 
“facets”  which  have  the  orbital  motion  of  Lagrangian  parcels 
of  the  long  wave:  in  particular,  it  has  been  asserted  [ Alpers  el 
ai,  1981,  p.  6481]  that  “...The  phase  velocity  of  the  long 
waves  does  not  enter  into  the  SAR  imaging  process ..." 

Thus  the  ability  of  any  theoretical  model  to  predict  the  best 
focus  for  actual  SAR  images  has  appeared  to  be  an  important 
test  of  that  theory,  and  the  TOWARD  experiment  devised 
conditions  under  which  competing  theories  were  expected  to 
make  differing  predictions. 

In  the  following,  the  refocused  linear  FM  rate  of  the  SAR 
processor  will  be  denoted 

Kfr  —  (1  +c)%AR 

where  c  will  be  termed  the  focus  parameter.  The  best  c  is 
expected  to  be,  in  magnitude,  of  the  order  of  the  ratio  of  the 
phase  velocity  K*  of  the  dominant  long  wave  to  the  SAR 
vehicle  velocity  1^AR,  and  hence  c  is  a  small  parameter.  As  the 
latter  velocity  varies  in  the  imaging  runs,  it  is  convenient  to 
present  some  of  the  results  using  a  velocity  parameter  U,  also 
called  a  focus  parameter,  which  is  c  multiplied  by  the  SAR 
velocity: 

U  =  W 

The  actual  SAR  images  for  each  selected  run  were  routinely 
processed,  in  the  four-look  mode,  by  JPL  with  U  in  the  set 
[l*v ph/3,  I  -  —7,  +7}  where  yph  =  11  m/s,  is  the  phase 

velocity  of  the  dominant  long  wave  at  the  tower  of  the  Naval 
Ocean  Systems  Center  (NOSC)  where  the  longwave  direc¬ 
tional  frequency  spectrum  was  measured.  For  example,  in 
Figure  1,  the  values  of  1/  arc  —  i>ph,0,and  +  (7/3)  *  t>ph. 

While  a  correctly  implemented  simulation  program  gives 
directly  the  “predictions”  of  the  theoretical  model,  it  is  very 
ireful  to  have  available  analyses  that  can  yield  insight  into  the 
nature  of  the  SAR  ocean  imaging  process.  A  related  analysis, 
when  the  long  wave  is  monochromatic,  gives  the  best  focus 
correction  to  yield  zero  quadratic  phase  error  due  to  the  long¬ 
wave  motion  and.  though  this  is  not  the  sole  effect  of  surface 
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Fig.  7.  The  actual  SAR  image  for  run  006,  processed  for  (left)  best,  (middle)  no,  and  (right)  worst  focus. 


motion,  provides  a  guide  to  the  behavior  of  this  parameter 
that  may  be  expected  for  a  narrowband  long  wave. 

The  following  assertion  is  established  in  the  appendix.  Sup¬ 
pose  that  the  (monochromatic)  long  wave’s  direction,  relative 
to  the  SAR  direction,  s  at  an  angle  0.  Also,  suppose  that  the 
shortwave  ensemble  is  represented,  as  it  often  is,  by  a  Fourier 
summation  of  wavelets  of  the  form  exp  (ik  •  x  —  ia(k)t).  Since 
in  this  two-scale  model  the  SAR  image  depends  linearly  on  the 
short  waves,  this  image  consequently  has  a  representation  as  a 
summation  of  subimages,  each  uniquely  corresponding  to  a 
wavelet.  Then 

Theorem.  A  SAR  processor  linear  FM  rate  Kp,  = 
(1  +  c)2KSAR  with 

c  =  — (  — )  — - —  cos  (0)  ■£  0 

\*W  cos  (fl) 

yields  a  scaled  and  translated  version  of  the  wavelet’s  sub¬ 
image  when  Ki'AR  is  infinitely  large. 

That  is,  as  there  are  no  observable  effects  of  the  sea’s 
motion  with  an  arbitrarily  large  SAR  scanning  velocity  FSAR, 
this  focus  correction  negates  (aside  from  a  scaling  and  trans¬ 
lation)  the  effects  of  motion,  specifically  defocusing,  on  the 
wavelet's  subimage.  Remarkably,  this  focus  correction  does 
not  depend  on  the  wavelet’s  wave  number  and  hence  holds  for 
all  subimages.  As  is  shown  in  the  appendix,  the  scaling,  but 
not  the  translation,  is  also  independent  of  the  wavelet’s  wave 
number. 

This  result  gives  four  predictions  with  regard  to  the  best 
focus  parameter  (BFP)  expressed  as  a  velocity:  (1)  the  BFP  is 
the  order  of  the  longwave  phase  velocity,  (2)  the  BFP  reverses 
sign  with  a  reversal  of  1^AR,  (3)  the  BFP  magnitude  increases 
with  decreasing  |cos  0|,  and  (4)  the  BFP  magnitude  is  inde¬ 
pendent  of  the  altitude  of  the  SAR-bearing  vehicle. 

The  asserted  dependence  of  the  wavelet’s  image  contri¬ 
bution  translation  on  its  wave  number  leads,  in  this 
TOWARD  data  set,  a  fifth  prediction,  that  the  visibility  of  the 
images’s  longwave  artifacts  increases  with  increasing  altitude 
of  the  SAR-bearing  vehicle.  This  prediction  will  be  discussed 
later  in  this  paper. 

Suoimagb  Cross-Correlation  Focus  Comparison 

Focus  will  be  estimated  here  with  a  technique  that  has  been 
used  for  some  time  with  SAR  images  and  has  been  recently 
applied  to  SAR  ocean  imagery  by  Li  et  al  [1985]  and  also  to 
TOWARD  SAR  data  by  Leotta  and  Li  [1987],  It  is  based  on  a 
simple  and  clear  idea  If  there  is  a  quadratic  phase  error  in  a 
scatterer’s  Doppler  history  (due  to  a  linear  FM  rate  that  does 
not  match  that  assumed  by  the  SAR  processor,  for  example), 
then  in  each  half  of  the  history,  the  phase  errors  have  best 
linear  approximations  that  arc  nonzero  and  of  opposite  slope. 
If  each  half  is  separately  processed  to  form  two  subimages, 


each  subimage  will  be  displaced  in  azimuth  as  its  zero  Dop¬ 
pler  times  is  belied,  and  their  displacements  will  have  opposite 
signs.  A  subsequent  cross  correlation  of  these  (random)  sub- 
image  intensities  can  then  yield  an  estimate  of  their  displace¬ 
ment  and  hence  of  the  original  quadratic  phase  error. 

If  the  quadratic  phase  error  is  expressed  as  (2c 
+  cj)Ksar.y2/2,  then  the  resulting  subimage  translation  mag¬ 
nitudes  are  given  approximately  by 

D  =  (2c) »  [/0R0/4  *  Dh)  c«l 

where  /0,  R0,  and  Dh  are,  the  SAR  mean  RF  wavelength,  the 
mean  slant  range,  and  the  along-track  dimension  of  the  SAR’s 
antenna  aperture,  respectively.  In  the  TOWARD  experiment 
on  October  31,  1984,  for  the  high-altitude  runs, 

l0R0/D„  =  400  m 
and  e  will  take  on  values  of  the  order  of 

Mar  «  11/250  =  0.044. 

Therefore  D  =  9  m  in  magnitude.  At  the  medium  and  low 
altitude  runs,  D  is  5  m,  and  1.7  m,  respectively.  The  JPL  SAR 
used  in  TOWARD  had  an  azimuth  resolution  of  about  4.5  m. 
Thus  a  careful  measurement,  with  a  sufficiently  large  nui"  ;r 
of  independent  measurements,  is  required  to  attain  good  acc  ’ 
racy. 

For  each  run.  the  following  procedure  was  carried  • 
each  of  a  set  of  corrections  c,  the  algorithm  just  describee, 
applied  to  1024  azimuth  points,  at  a  given  range,  of  the  com¬ 
plex,  full-resolution  SAR  image,  actual  or  simulated.  The  re¬ 
sulting  cross  correlations  were  averaged  for  64  ranges.  For 
each  c,  the  estimated  location  Dc(c)  of  the  maximum  was  then 
determined,  typically  using  a  quadratic  fit  based  on  seven 
points.  Then,  with  Dc(c)  viewed  as  a  function  of  c,  a  least 
squares  error  linear  fit  £>,(c)  to  Dc{c)  was  made  and  the  inter¬ 
cept  D,(c0)  =  0  determined  the  best  focus  parameter  estimate 
c0  for  that  run. 

This  measurement  technique  was  applied  to  the  set  of  runs 
listed  in  Table  I.  For  the  actual  images,  these  cross  corre¬ 
lations  yielded  a  well-defined  maximum  on  about  85%  of  the 
trials:  sec,  for  example,  Figure  8.  However,  on  about  15%  of 
the  trials  there  was  a  less  well  defined  maximum:  sec,  for 
example.  Figure  9.  For  the  simulated  images,  almost  all  the 
trials  yielded  a  well-defined  maximum. 

In  Figures  10  15  are  shown  direct  comparisons  of  the  focus 
tests  for  the  actual  and  simulated  data  for  these  runs.  The 
estimated  displacement  values  and  their  linear  fits  i>,( c)  are 
shown,  with  the  focus  parameter  expressed  as  a  velocity.  The 
results  are  summarized  in  Table  2.  Clearly,  these  best  focus 
parameter  values  are  all  of  the  order  of  the  dominant  long 
wave’s  phase  velocity,  verifying  the  first  prediction. 

With  regard  to  the  second  prediction,  the  comparisons  of 


Fig.  8.  An  example  of  a  cross  correlation  of  subimages  with  a  well- 
defined  maximum  (arbitrary  ordinate  scaling). 


runs  006  and  009,  for  both  the  actual  and  simulated  data,  are 
shown  in  Figures  16  and  17.  Clearly,  there  is  a  reversal  of  the 
sign  of  the  best  focus  correction  with  reversal  of  the  SAR 
direction,  establishing  the  second  prediction.  When  the  direc¬ 
tions  are  opposing,  the  value  of  the  best  focus  correction  for 
the  actual  imagery  is  unexpectedly  low.  In  part,  this  may  be 
due  to  the  selection  of  a  somewhat  anomalous  region  in  the 
image:  Leotta  and  Li  [1987]  get  a  larger  value  (about  one-half 
the  dominant  long  wave’s  phase  velocity)  with  averages  over  a 
larger  region.  The  values  of  the  best  focus  correction  for  the 
simulated  images  are  nearly  equal  in  magnitude  but  are  about 
one-half  the  dominant  long  wave’s  phase  velocity. 

The  comparisons  of  Figures  18  and  19  show  that  the  results 
for  runs  007,  008,  and  009  are  ordered  according  to  the  third 
prediction  for  the  actual  data  and,  within  the  expected  accu¬ 
racy  of  the  measurement,  also  for  the  simulated  data. 

Finally,  Figures  20  and  21  show  the  predicted  independence 
of  altitude  of  the  best  focus  correction  for  runs  006  and  010  (at 
14,640  m  and  7759  m,  respectively)  for  both  the  actual  and 
simulated  SAR  images.  This  is  also  shown  in  Figures  22  and 
23  for  runs  007  and  012,  at  14,630  m  and  2690  m,  resp. 

As  is  shown  in  Table  3,  the  slope  of  the  displacement  versus 
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Fig.  10.  The  displacement  of  the  cross-correlation  maximum 
versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated 
(crosses)  SAR  images  of  run  006. 

focus  correction  predicted  by  the  theorem,  assuming  a  sinu¬ 
soidal  long  wave,  agrees  well  with  those  of  the  best  linear  fits 
derived  from  both  the  simulated  and  actual  SAR  images  and 
especially  well  for  the  latter.  This  suggests  the  possibility  of 
estimating  the  best  focus  correction  using  just  the  correlation 
measurement  w:th  the  normally  focused  image  and  the  theo¬ 
retical  slope  prediction.  However,  observing  the  deviation  of 
the  measurements  from  the  best  linear  fit,  it  is  preferable  to 
make  multiple  measurements  to  reduce  errors. 

Image  Longwave  Artifact  Visibility 
Versus  Height 

A  detailed  analysis  of  the  image  contribution  of  one  wavelet 
of  the  short  waves  shows  that  when  the  slope  of  an  azimuth- 
directed,  sinusoidal  long  wave  is  sufficiently  large,  the  nature 
of  this  image  is  well  approximated  in  the  azimuth  coordinate 
by  pairs  of  SAR  system  azimuth  impulse  responses  repeated  at 
the  longwave  wavelength.  These  image  artifact  pairs,  which 
are  associated  with  the  extrema  of  the  long  wave,  have  a 
relative  translation  that  depends  upon  the  wavelet’s  wave 
number.  There  exists  a  condition,  partly  incumbent  on  nature, 


Fig.  9.  An  example  of  a  cross  correlation  of  subimages  with  a 
poorly  defined  maximum  (arbitrary  ordinate  scaling). 


Fig.  11.  The  displacement  of  the  cross-correlation  maximum 
versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated 
(crosses)  SAR  images  of  run  007. 


Fig.  12.  The  displacement  of  the  cross-correlation  maximum  Fig.  15.  The  displacement  of  the  cross-correlation  maximum 
versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated  versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated 
(crosses)  SAR  images  of  run  008.  (crosses)  SAR  images  of  run  012. 


Fig.  13.  The  displacement  of  the  cross-correlation  maximum  Fig.  |g  The  displacement  of  the  cross-correlation  maximum 
versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated  versus  thc  focus  paramctcr  for  the  actual  SAR  images  for  run  006 
(crosses)  SAR  images  of  run  009.  (circles)  and  run  009  (crosses). 
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Fig.  14,  The  displacement  of  the  cross-correlation  maximum  Fig.  17.  The  displacement  of  the  cross-correlation  maximum 
versus  the  focus  parameter,  for  the  actual  (circles)  and  simulated  versus  the  focus  parameter  for  the  simulated  SAR  images  for  run  006 
(crosses)  SAR  images  of  run  010.  (circles)  and  run  009  (crosses). 


Harger  and  Korman:  Simuiated  and  Actual  Gravity  Wave  Images 
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TABLE  2.  Comparison  of  the  Best  Focus  Parameters, 
Expressed  as  a  Velocity,  Based  on  the  Subimage 


Cross-Correlation  Technique 

Run 

^sinc 

u«m 

I^SAR 

006 

-12.9 

-6.01 

-13.1 

007 

+  13.5 

+3.85 

+8.67 

008 

+  16.6 

+  11.8 

+  14.4 

009 

+  12.9 

+5.01 

+4.18 

010 

-12.9 

-5.65 

-11.6 

012 

+  13.5 

+  10.9 

+  10.8 

lfslnc  >s  by  an  analytic  prediction  for  a  monochromatic  long  wave, 
(7,im  is  from  the  SAR  simulated  images,  and  l/SAR  is  from  the  actual 
TOWARD  SAR  images. 


that  ensures  that  the  artifacts  associated  with  the  crests  will 
have  equal  translations  while  those  artifacts  associated  with 
the  troughs  will  have  unequal  translations.  This  condition, 
which  presumably  therefore  enhances  the  likelihood  of  well- 
resolved,  or  “visible,"  artifacts  associated  with  the  crests  of  the 
long  wave,  is,  assuming  best  focusing, 

HAKa(K)/Vs/i%  =  1 

where  A,  K,  and  a(K)  are  the  long  wave’s  amplitude,  wave 
number,  and  frequency,  respectively,  and  ( H ,  ^sar)  are  the 
SAR  vehicle’s  altitude  and  speed,  respectively.  This  condition 
is  better  met  with  increasing  altitude  on  the  SAR  runs  of  this 
date:  the  left  side  takes  on  the  values  (0.91,  0.52,  0.34)  at  the 
altitudes  (14.6, 7.8,  2.7)  thousand  meters. 

The  actual  and  simulated  SAR  images  of  these  three  alti¬ 
tudes  arc  shown  in  Figures  24  and  25,  respectively:  the  in¬ 
creasing  visibility  of  the  longwave  artifacts  with  H  and  -7/FSar 
is  evident  in  both,  supporting  the  fifth  and  last  prediction. 

An  Observation  on  the  Hydrodynamic 
Interaction  Strength 

According  to  the  present  SAR  imaging  theory,  a  fundamen¬ 
tal  image-forming  mechanism  is  the  “filtering”  (i.e.,  wave 
number  bandwidth  restriction)  of  the  reflectivity  density  as  it 
is  sensed  by  the  SAR.  The  reflectivity  density  has  a  phase 
factor,  due  to  the  round-trip  ray  path  to  the  unperturbed, 
large-scale  surface:  the  long  wave  here,  which,  for  sufficiently 
large  long-wave  amplitudes,  causes  maxima  in  the  SAR  image 
intensity  at  the  extrema  of  the  long  wave  (as  is  explained  at 
length  by  Harger  [1981,  1986]).  In  itself,  this  phenomenon 
would  cause,  for  example,  a  second  harmonic  of  the  longwave 
dominant  wave  number  to  appear  in  the  spectral  density  esti¬ 
mate  of  the  SAR  image  intensity.  This  theory  identifies  three 
mechanisms  that  suppress  alternate  maxima,  which  together 

TABLE  3.  The  Predicted  and  Measured  (From  Simulated  and 

Actual  SAR  Images)  Slope  of  the  Linear  Dependence  of  Image 
Displacement  on  Focus  Correction 

Measured  Slope 


Predicted  Simulated  Actual 

Run  Slope  Data  Data 


006 

1.3 

1.2 

1.2 

007 

1.7 

1.3 

1.7 

008 

1.6 

1.1 

1.7 

009 

1.6 

1.1 

1.7 

010 

0.8 

0.7 

0.7 

012 

0.5 

0.4 

0.5 

a/>*c 


Fig.  18.  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  actual  SAR  images,  runs  007  (crosses),  008  (triangles), 
and  009  (circles). 

lead  toward  an  image  intensity  spectral  density  estimate  with 
only  one  dominant  wave  number:  that  of  the  long  waves. 

1.  These  image  extrema  tend,  with  increasing  longwave 
amplitude,  to  a  collection  of  degraded  SAR  system  impulse 
responses,  one  associated  with  each  extremum  of  the  long 
wave.  An  evaluation,  by  the  method  of  stationary  phase,  of  the 
image  nature  near  each  such  extremum  shows  that  the  degra¬ 
dation  is  due  to  two  quadratic  phase  error  contributions,  one 
due  to  the  longwave  motion  and  the  other  which  is  of  op¬ 
posite  sign  at  the  crest  and  trough  of  the  long  wave.  Thus  this 
latter  quadratic  phase  error  can,  at  the  crest,  partially  cancel 
the  quadratic  phase  error  due  to  motion,  thereby  “sharpening” 
the  maxima  associated  with  longwave  crests,  while  adding  to 
the  quadratic  phase  error  due  to  motion  at  the  troughs, 
thereby  “blurring”  the  maxima  associated  with  the  troughs  of 
the  long  wave, 

2.  As  already  discussed,  there  is  seen  to  be  a  differing 
translation,  at  the  crest  and  trough,  of  the  image  contributions 
of  each  wavelet  of  the  small-scale  ensemble.  In  the  TOWARD 
experiment,  the  parameters  were  such  that  at  the  crests,  the 


m/s*c 

Fig.  19.  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  simulated  SAR  images,  runs  007  (crosses),  008  (trian¬ 
gles).  and  009  (circles). 
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Harger  and  Korman:  Simulated  and  Actual  Gravity  Wave  Images 


Fig.  20.  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  actual  SAR  images,  runs  006  (circ,es),  010  (crosses). 


translations  were  less  dependent  on  the  wavelet’s  wave 
number  (especially  so  at  the  highest  altitude)  so  that  the  maxi¬ 
mum  at  the  crest  were  less  "dispersed”;  however,  at  the 
troughs,  the  translations  caused  a  greater  “dispersal"  of  the 
contributions.  To  repeat,  this  leads  to  a  prediction  that  the 
artifacts  of  the  long  wave  will  increase  in  visibility  with  in¬ 
creasing  altitude  (as  in  fact  was  observed),  with  an  artifact 
spacing  equal  to  period  that  of  the  long  wave. 

3.  As  is  well  known  [ Phillips ,  19816],  the  two-scale,  or 
WKB,  theory  predicts  that  the  amplitude  of  a  small-scale 
wavelet  is  increased  at  the  crests,  and  decreased  at  the  troughs, 
of  the  long  wave. 

It  was  noticed  in  comparing  the  spectral  density  estimates 
(sde)  of  the  simulated  and  actual  SAR  images  that  these  three 
effects  were  not  always  sufficient  to  suppress  the  second  har¬ 
monic.  But  it  was  observed  that  increasing  the  strength  of  the 
interaction  described  in  the  preceding  paragraph  led  to  much 
closer  agreement  and,  in  particular,  suppressed  the  second- 
harmonic  maxima.  In  Figures  26  and  27  are  shown  the  simu¬ 
lated  SAR  images  for  runs  006  and  008  for  three  multiples, 


Fig.  21  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  simulated  SAR  images,  runs  006  (circles)  and  010 
(crosses). 


Fig.  22.  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  actual  SAR  images,  runs  007  (circles)  and  012  (crosses). 


/=(  1,  10,  20),  of  the  WKB  interaction  strength,  HDF:  the 
simulated  images  for /=  20  more  closely  resemble  the  actual 
image  (for  example,  see  again  Figures  1  and  3).  More  dramati¬ 
cally,  the  corresponding  spectral  density  estimates  are  shown 
in  Figures  28  and  29.  The  disappearance  of  the  second  har¬ 
monic  with  increasing  interaction  strength  is  clearly  seen.  The 
interplay  here,  in  this  simulated  “computer  experiment”,  with 
oceanographic  experiments  and  evolving  hydrodynamic 
theory,  is  regarded  as  quite  interesting. 

With  this  increase  in  the  hydrodynamic  interaction  strength, 
the  sde  of  the  simulated  SAR  image  is  compared  with  the 
corresponding  sde  of  the  actual  SAR  image  in  Figures  30  and 
31  for  runs  006  and  008.  In  each  of  these  figures,  the  left-hand 
image  is  the  sde  of  the  long  waves  whose  directional  frequency 
spectrum  was  measured  by  SIO,  the  middle  image  is  the  sde  of 
the  simulated  SAR  image,  and  the  right-hand  image  is  the  sde 
of  the  actual  SAR  image.  (The  degrees  of  freedom  in  the  esti¬ 
mates  arc  70,  32,  and  32,  respectively).  They  agree  quite  well  in 
their  dominant  parts.  Their  spectral  maximum  is  located  at 
the  “white"  pixel  locations  imbedded  in  the  spectra. 
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Tig.  23.  Displacement  of  cross-correlation  maximum  versus  focus 
parameter  for  simulated  SAR  images,  runs  007  (circles)  and  012 
(crosses). 


Hakger  and  Korman:  Simulated  and  Actual  Gravity  Wave  Images 
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Fig.  24.  Actual  SAR  images  at  three  altitudes  for  runs  (left)  006.  (middle)  010,  and  (right)  012.  (Image  parameters  as  in 

Figure  I.) 


Fig.  25.  Simulated  SAR  images  at  three  altitudes,  runs  (left)  006,  (middle)  010,  and  (right)  012.  (Image  parameters  as  in 

Figure  I.) 


Fig.  26.  Simulated  SAR  images  for  run  006  at  three  HDFs.  (left)  1,  (middle)  10,  and  (right)  20.  (Image  parameters  as  in 

Figure  1.) 


Fig.  27.  Simulated  SAR  images  for  run  008  at  three  HDFs.  (left)  1.  (middle)  10.  and  (right)  20.  (Image  parameters  as  in 

Figure  1.) 


13,876 


Harder  and  Korman:  Simulated  and  Actual  Gravity  Wave  Images 


Fig.  28.  Estimated  spectral  densities  of  simulated  SAR  images  for  run  006  at  three  HDEs;  (left)  I,  (middle)  10,  and  (right) 

20. 


Eig.  30  Estimated  spectral  densities  of  the  (left)  long  wave,  (middle)  simulated  SAR  linage,  and  (right)  actual  SAR  image 

for  run  006. 
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Eig  31  The  estimated  spectral  densities  of  the  (left)  long  wave,  (middle)  simulated  SAR  image,  and  (right)  actual  SAR 

image  for  run  008. 


IIarger  and  Korman:  Simulated  and  Actual  Gravity  Wave  Images 
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Fig.  32.  Normalized  maximum  of  sde  versus  focus  parameter  for  Fig.  34.  Normalized  maximum  of  sde  versus  focus  parameter  for 
actual  (circles)  and  simulated  (crosses)  SAR  images,  run  006.  actual  (circles)  and  simulated  (crosses)  SAR  images,  run  008. 


Remarkably,  it  has  been  observed  that  a  second  harmonic 
does  indeed  appear  in  SAR  images  of  ice  fields  under  which  a 
long  wave  is  propagating  [Freeman  et  ai,  1987]).  While  such 
an  imaging  problem  has  interesting  detail  in  itself  worthy  of 
study,  we  do  observe  that  of  course  there  is  no  “hydrodynamic 
interaction”  of  the  various  scales  of  the  frozen  ice  surface 
height;  therefore  the  image  intensity  maxima  associated  with 
the  troughs  of  the  ice  field  height  arc  not  as  strongly  sup¬ 
pressed  as  they  would  be  for  a  corresponding  ocean  wave! 

It  has  been  observed  in  direct  measurements  of  the  ocean 
surface  by  a  “wave  follower”  laser  device  (by  Tang  and  Sham - 
din  [1983]  and  also  in  TOWARD)  that  the  two-scale  WK.B 
theory  may  well  underprcdict  the  strength  of  the  interaction  of 
the  long  and  short  waves.  Indeed,  one  specific  such  measure¬ 
ment  in  TOWARD  conforms  nearly  exactly  with  the  nature 
and  magnitude  of  the  interaction  adjustment  described  pre¬ 
viously.  As  other  such  measurements  may  indicate,  the  matter 
could  be  more  complicated:  there  may  be  nonlinear  interac¬ 
tions  of  significance  not  included  in  the  present  model.  Two 
candidates  arc  the  interaction  of  the  small  waves,  not  only 
with  the  long  wave  as  modeled  here  but  also  among  them¬ 
selves  and  with  intermediate  waves. 


A  visual  examination  of  a  set  of  simulated  SAR  images 
indicated  that  when  the  hydrodynamic  interaction  strength 
was  increased  above  the  two-scale  theory’s  value  by  an  order 
of  magnitude,  the  amplitude  “straining”  became  the  dominant 
image  artifact-forming  mechanism.  However,  the  presence  of 
the  phase  factor  due  to  the  round-trip  ray  path  to  the  long¬ 
wave  surface  was  still  required  for  an  accurate  estimate  of  best 
focus;  otherwise,  the  latter  estimate  is  small. 

A  Focus  Comparison  Based  on  Spectral 
Density  Estimates 

Another  technique,  a  two-dimensional  version  of  one  that 
has  been  used  to  estimate  the  best  focus  parameter  [Shudiman 
and  Zcknka,  1978;  Shuchman  and  Shemdin,  1983;  Jain  and 
Sltemdin,  1983]  is  based  on  an  examination  of  the  estimated 
spectral  density  of  the  image  intensity.  For  example,  one  may 
process  SAR  complex  data  for  a  set  of  focus  parameters,  find 
the  sde  for  each  image  so  processed,  and  then  find,  over  the 
set,  the  wave  number  of  the  largest  response:  the  associated 
focus  parameter  is  said  to  be  the  optimal  one  of  the  set.  Typi¬ 
cally,  the  response  at  said  wave  number  is  plotted  versus  the 
focus  parameter. 


Fig.  33.  Normalized  maximum  of  sue  versus  focus  parameter  for  Fig.  35.  Normalized  maximum  of  sde  versus  focus  parameter  for 
actual  (circles)  and  simulated  (crosses)  SAR  images,  run  007.  actual  (circles)  and  simulated  (crosses)  SAR  images,  run  006. 
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Harger  and  Korman:  Simulated  and  Actual  Gravity  Wave  Images 
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Fig.  36.  Normalized  maximum  of  sde  versus  focus  parameter  for 
actual  (circles)  and  simulated  (crosses)  SAR  images,  run  010. 


This  optimality  criterion  seems  to  be  more  difficult  to  relate 
precisely  to  artifacts  in  the  SAR  image  due  to  motion  than  is 
that  of  the  subimage  cross-correlation  technique,  and  hence 
predictions  from  models  are  more  tenuous.  However,  one  can 
compare  the  actual  and  simulated  images  in  this  manner. 

These  dominant  spectral  responses,  as  a  function  of  the  fo¬ 
cusing  parameter  and  normalized  by  their  maximum  value, 
are  compared  for  the  actual  and  simulated  SAR  images  in 
Figures  32-37.  These  responses  show  remarkably  close  agree¬ 
ment  for  runs  006  and  007  but  agree  less  well  in  (for  example) 
run  009. 

The  location  of  their  maxima  were  estimated  using  cubic 
spline  fits,  and  the  focus  parameters  best  according  to  this 
spectral  criteria  are  listed  in  Table  4.  All  values  are  of  the 
order  of  the  longwave  phase  velocity,  and  a  reversal  in  sign  is 
shown  with  reversal  in  SAR  direction. 

Comments  and  Conclusions 

The  best  focus  parameter  estimated  by  the  subimage  cross¬ 
correlation  technique,  has  shown  agreement  in  four  important 
behaviors  between  actual  TOWARD  and  simulated  SAR 
images.  First,  all  BFPs  are  of  the  order  of  the  phase  velocity  of 
the  long  wave.  Second,  the  reversal- of  sign  of  the  BFP  with 


Fig  37  Normalized  maximum  of  sde  versus  focus  parameter  for 
actual  (circles)  and  simulated  (crosses)  SAR  images,  run  012. 


TABLE  4.  Comparison  of  the  Best  Focus  Parameter,  Expressed 
as  a  Velocity,  Based  on  the  Spectral  Density  Estimates’  Maxima 


Run 

£4  in, 

UsAK 

006 

-12.6 

-15.6 

007 

+9.42 

+9.42 

008 

+  12.8 

+3.08 

009 

+  14.4 

+3.48 

010 

-19.9 

-10.1 

012 

0.0 

+2.62 

{/,!„,  is  from  the  SAR  simulated  images,  and  t/SAR  is  from  the 
actual  TOWARD  SAR  images. 


reversal  of  the  longwave  direction  is  observed  in  both.  Third, 
the  increase  in  the  BFP  magnitude  with  increase  in  magnitude 
of  the  angle  between  the  dominant  long  wave  and  SAR  axes  is 
observed  in  both.  Fourth,  the  independence  of  the  BFP  of 
vehicle  altitude  and  on  rangc-to-vclocity  ratio  is  observed  in 
both.  Agreement  on  these  attributes  was,  at  the  time  of  plan¬ 
ning  of  the  TOWARD  experiment,  believed  to  be  a  discrimi¬ 
nator  of  SAR  ocean  wave  imaging  theories. 

The  quantitative  agreement  of  these  measurements  between 
the  actual  and  simulated  images  may  be  less  than  is  desired  in 
some  cases.  There  could  be  several  contributing  reasons.  It 
was  observed  that  the  TOWARD  SAR  images  produced  ap¬ 
parently  stable  but  different  estimates  of  the  focus  parameter 
in  different  regions  of  the  images.  This  could  be  indicative  of  a 
spatial  inhomogeneity  of  the  longwave  field.  Perhaps  related, 
the  longwave  directional  frequency  spectrum  measured  by 
SIO  and  used  in  the  simulation  program  was  averaged  over 
about  3  hours  to  achieve  about  70  degrees  of  freedom:  the 
SAR  gathered  its  image  of  any  given  point  in  roughly  1  s. 
Temporal  inhomogeneity  of  the  longwave  field  could  then 
contribute  to  differences  between  the  measurements  on  the 
actual  and  simulated  images.  The  implementation  of  the 
theory  in  the  simulation  program  necessarily  involved  ap¬ 
proximations  and  was  a  fairly  large  code;  some  improvements 
could  be  made  but  at  the  cost  of  even  more  computation.  The 
simulations  cited  here  assumed  that  over  the  quite  narrow 
wave  number  band  that  can  affect  the  SAR  image,  the  short 
waves  arc  of  constant,  or  “white,”  spectral  density:  this  ap¬ 
proximation  is  believed  to  be  accurate  but  could  easily  be 
checked.  The  simulations  cited  here  assumed  an  18-m  depth 
(appropriate  to  the  NOSC  tower  location),  but  the  actual  SAR 
data  was  in  effectively  deep  water:  the  difference  in  phase 
velocity  for  this  dominant  wave  is  about  10%  and  could 
therefore  lead  to  an  observable  error.  Finally,  two  ensembles 
of  short  waves  can  affect  the  SAR  image:  one  propagating 
toward  and  the  other  propagating  away  from  the  SAR:  the 
major  effect  in  the  TOWARD  experiment  is  to  produce  two 
displaced  images,  separated  by  about  40  m  and  of  unknown 
relative  intensity;  some  numerical  experimentation  on  such 
weighting  and  angle  relative  to  the  wind  direction  could  prove 
interesting. 

The  comparison  between  the  estimated  spectral  densities  of 
the  actual  and  simulated  SAR  images  showed  that  good 
agreement  generally  required  an  ad  hoc  increase,  of  about  an 
order  of  magnitude,  in  the  strength  of  the  hydrodynamic  inter¬ 
action  of  the  long  and  short  waves.  While  these  differences 
might  be  attributed  to  some  of  the  sources  of  error  just  listed, 
it  may  be.  in  view  of  direct  surface  measurements  made  here¬ 
tofore  and  in  the  TOWARD  experiment,  that  the  two-scale 
WKB  approximation  as  applied  here  neglects  other  obscrv- 
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able,  nonlinear  interactions  (such  as  among  the  short  waves 
and  with  intermediate  scale  waves)  and  that  a  more  accurate 
model  could  have  consequences  more  complicated  than  those 
of  a  simple  scalar  adjustment. 

In  summary,  these  comparisons  of  actual  TOWARD  and 
simulated  SAR  images,  containing  remarkably  close  agree¬ 
ment  in  some  cases,  arc  regarded  as  supportive  of  this  inte¬ 
grated  theoretical  model,  especially  its  treatment  of  the  ex¬ 
tended  scene’s  temporal  behavior,  although  improvement  of 
the  constituent  two-scale  hydrodynamic  model  may  be  neces¬ 
sary.  These  results  were  given  in  preliminary  form  by  Haryer 
[1987]  and  Haryer  and  Korman  [1987]. 

Appendix 

The  two-scale  SAR  imaging  theory  derived  by  Haryer 
[1981,  1986]  is  recalled.  Assume  that  the  undistorted  short 
waves  "at  mean  water”  are  represented  by 

<J0(x,  i)  =  Re  JJ </K  exp  (ix  •  K  -  io(K)t)  fc'(K)  (I) 

a  sum  of  wavelets  exp  [ix  •  K  -  ia(K)t ]  with  random  complex 
amplitude  £(K),  and  that  the  long  wave  is,  for  the  moment,  the 
sinusoid 

/i(x,  t)  =  Alw  cos  <p(x,  f)  (2) 

where 

<p(x,  0  =  KIm,  •  x  -  o(K,Jt  (3) 

a  is  the  gravity  wave  dispersion  relation,  x  is  a  point  in  the 
mean  plane  of  the  sea,  and  K  is  the  associated  (Fourier)  wave 
number. 

According  to  the  two-scale,  or  WKB,  theory  [Phillips, 
1981«,  />],  when  K,„.«  K,  a  short  wavelet  of  wave  number  K, 
propagating  freely  on  the  large  wave,  will  experience,  in  effect, 
a  current  and  altered  acceleration  of  gravity  varying  slowly 
according  to  the  orbital  motion  and  inclination  of  the  long 
wave.  To  first  order  in  the  longwave  slope  A,WK,„  the  wave¬ 
let’s  amplitude  and  phase  vary  as  [1  +  AlwK cos  ip ]  and 
\ip  +  KxAlw  sin  </>],  respectively,  where  the  coordinate  x  is 
aligned  with  the  longwave  direction.  The  phase  thus  contains 
the  form  Kx(x  +  A,w  sin  <p )  which  accounts  for  the  “to-and- 
fro”  translation  of  the  wavelet  by  the  orbital  motion  of  the 
long  wave:  the  x  coordinate  of  a  Lagrangian  parcel  on  the 
surface  of  the  long  wave  varies  as  [— A,w  sin  tp].  Assuming 
that  each  such  wavelet  interacts  only  with  the  long  wave,  the 
(linear)  summation  (1)  of  the  modified  wavelets  gives  a  descrip¬ 
tion  of  the  short  waves  as  they  vary  over  the  long  wave.  (The 
possibility  that  this  assumption  ignores  observable  nonlinear 
interactions  is  discussed  here.) 

The  two  scale  electromagnetic  scattering  theory  [Bass  el  al., 
1968,  1979;  Wright,  1966,  1968;  Valenzuela,  1968]  gives  the 
reflectivity  density  (the  ratio  of  scattered  to  incident  scalar 
fields  referred  to  the  mean  sea  plane)  as 


coordinate.  At  intermediate  incidence  angles,  the  phase  exp 
i2k0r  performs  a  wave  number  translation  that  in  effect  means 
the  “1”  in  the  form  (1  -  //?{)  may  be  ignored  and  only  those 
wave  numbers  in  <;  near  (0,  —2 k0  sin  d0)  can  influence  the 
SAR  image.  Denote  the  ensemble  of  influential  short-scale 
wavelets  by  its  wave  number  bandwidth  depends  upon 
the  long  wave  because  of  the  nonlinear  multiplication  of  (4) 
with  exp  (—i/?/i). 

The  SAR  system,  in  effect,  scans  a  scene  with  a  “beam” 
[/t(x)F(r)],  where  the  amplitude  of  A  is  determined  by  the 
physical  antenna  pattern  and  its  phase  is  determined  by  the 
Doppler  modulation  due  to  relative  motion  and  where  F  is 
determined  by  the  modulation  of  the  SAR  system’s  transmit¬ 
ted  pulse.  For  a  stationary  scene,  this  scanning  operation  is  a 
convolution  of  this  beam  with  the  scene’s  reflectivity  density 
(as  modified  by  the  round-trip  ray  path).  However,  for  a  time- 
varying  scene,  as  the  scanning  velocity  I^ar  >n  azimuth  is 
significantly  slow,  the  time  (t)  depeniwce  of  the  modified  re¬ 
flectivity  density  is  replaced  by  x/FSAR,  destroying  the  convolu¬ 
tion  property  of  the  scanning  operation;  here  x  is  the  azimuth 
coordinate  of  the  resultant  complex  data.  The  processor  of  the 
SAR  system  is  assumed  here  to  be  linear  with  impulse  re¬ 
sponse  ApI(-.v)*F(-r)*,  the  conventional  matched  filter, 
except  /lpt(-.x)*  is  necessarily  modified  when  the  image  is 
refocussed. 

Combining  these  three  models,  the  complex  image  of  a  two- 
scale  sea  is  then  given  by 

l(x,  r)  =  /0  |  dx,.4pf[-(x  -  x,)]* 

dx2  /l(x2  •-  x,)  |  dr2qjr  -  r2)G(x2,  r2,  x,)  (5a) 

As  there  are  no  significant  motion  effects  on  range  scanning 
(range  scanning  is  effected  at  half  the  velocity  of  light)  the  SAR 
system  range  impulse  response  qF,  the  convolution  of  F(r)  with 
F*(—r),  appears  explicitly.  Also, 

G(x2,  r2,  x,)  =  AnmG{x2,  r2;  x,)  exp  (i2k0rt  -  iph)  (5b) 

where  It  is  expressed  in  slant  range  coordinates  (x,  r)  with  t 
replaced  by  x„  KSAR  (k  is  a  wave  number  associated  with  the 
(a,  r)  slant  range  plane).  Ac  contains  the  amplitude  strain  and 
tilt  modulations  due  to  nonlinear  hydrodynamics  and  the 
scattering  from  the  long  wave,  respectively,  to  first  order  in 
these  small  effects, 

A0(li)  =  «0[1  +fAlwK,w  cos  4> 

-  AUK,„  sin  0  sin  </>  tan  <50]  (5c) 

where  0  is  the  angle  between  the  SAR  and  longwave  direc¬ 
tions.  The  hydrodynamic  interaction  strength  parameter  /, 
nominally  unity,  is  introduced  as  a  result  of  comparisons  of 
predictions  with  actual  SAR  imagery,  as  variously  discussed. 
The  modified  short  waves 


£7,  =  f/oO  -  ^)[l  +  (^)  'an  ^o]  (4) 

for  horizontal  transmit  and  receive  polarizations,  where  y  is 
the  ground  range  coordinate  and  p  =  2 k0  cos  <50,  k0  is  the 
mean  SAR  radiated  wave  number,  and  <S0  is  the  incidence 
angle.  The  received  scattered  field  also  has  the  phase  shift 
(2fc0r  —  pit)  accounting  for  the  round-trip  ray  path  to  the 
large-scale  (longwave)  surface;  r  =  y  sin  (50  is  the  slant  range 


?c(-v2>  ,-2>  -vi)  —  ?<- 


(  x2  \  /K,b.\  „  .  ,  x,  * 

\r2/stn  (>0/  \K,J  ksarJ 


(5  d) 


exhibit  the  to-and-fro  translation  due  to  the  orbital  motion  of 
the  long  wave.  The  phase  p  is  also  expressed  in  (x,  r)  coordi¬ 
nates  with  /  replaced  by  x„TSAR;  thus  the  dispersion  relation  a 
enters  normalized  by  fsAR. 
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To  formally  generalize  (5)  for  a  narrowband  longwave  en¬ 
semble,  one  may  use  a  spectral  representation  for  h,  similar  in 
form  to  (1),  and  modify  each  appearance  of  h  in  (5)  appropri¬ 
ately.  To  ease  the  computational  load  in  the  simulation,  the 
narrowband  property  of  the  long  wave’s  directional  frequency 
spectrum  was  used  to  simplify  these  modifications.  Thus,  in 
the  phase  of  (5b),  h  explicitly  appears,  and  no  functional 
change  is  formally  required.  In  the  strain  term  of  (5c),  Klw(/4|w 
cos  <j> )  is  replaced  by  Kiomh,  where  Kiom  is  the  magnitude  of 
the  wave  number  of  the  dominant  long  wave.  The  tilt  term  of 
(5c)  is  (dh/dy)  tan  S0,  directly  from  (4).  And  the  displacement  of 
(5 d)  may  be  approximated  as  hd  =  Vb/K(Jom.  These  approxi¬ 
mations  were  used  in  the  simulations  discussed  here. 

Even  though  the  shortwave  ensemble  is  nonlinearly  modi¬ 
fied  in  its  interaction  with  the  longwave,  the  modified  en¬ 
semble  still  enters  (5)  linearly,  and  therefore  the  Fourier 
representation  (equation  (1)),  a  sum  of  (modified)  wavelets, 
remains  useful  as  an  analytic  decomposition.  The  image  con¬ 
tribution  due  to  each  wavelet  is  then 

I(x,  r;  K)  -  10  j* </x,  Ap([-(.v  -  x,)]*  exp  {-wL(K)xt} 

•  | dx2  A(x,  -  Xj)  J dr2qf(r  -  r2) 

1  Ac(b)  exp  {ikx [Xj  +  hd  cos  (0)]  +  ifc,[r2  +  h4  sin  (0) 

■  sin  (<50)]  +  i2k0r2  -  iph]  (6) 

For  such  an  image  contribution,  the  following  result  holds: 
Let  the  (monochromatic)  long  wave,  of  phase  velocity  Fph, 
have  direction  0,  cos  0  0,  relative  to  the  SAR  direction  and 

set 

y  = 

I'SAR  COS  0 

Then  a  choice  of  processor  impulse  response  Apr,  with  mod¬ 
ulus 


4p,(i  -  J 1 


and  quadratic  phase  with  linear  FM  rate 
=  (1  +  ^x«)2Ksar 

yields  a  wavelet  image  (equation  (6))  that  is  a  scaled  and  trans¬ 
lated  version  of  that  image  when  l^AR  is  infinite.  That  is,  as 
there  are  no  motion  effects  when  ^SAR  is  infinite,  the  choice  of 
processor  impulse  response  in  effect  negates  the  motion  effects. 
Note  that  perhaps  surprisingly,  this  processor  choice  is  inde¬ 
pendent  of  the  wavelet’s  wave  number — that  is,  all  wavelet 
image  contributions  are  thus,  so  to  speak,  rendered  stationary. 
As  will  be  seen,  the  image  contribution’s  translation  does 
depend  on  the  wavelet’s  wave  number.  This  result  will  be 
established  by  a  series  ofsimple  change  of  variables  of  integra¬ 
tion  in  the  integrals  representing  the  SAR  scanning  and  pro¬ 
cessing  operations. 

Noting  that  x,  enters  the  integrand  (characterizing  the 
motion  of  the  sea  and  preventing  a  convolution  evaluation  of 
the  dxt  integral,  as  carried  out  implicitly  in  the  /^coordinate) 
only  as  the  form 

k/«,  •  (x2,  r2)  -  a ..(KJx, 


a  transformation  of  the  “dummy  variables  of  integration”  is 
suggested  to  “render  stationary”  this  form:  replace  (x2,  r2)  by 
(«2,  r2 )  such  that 


k,„.  •  (n2,  r2)  =  k,H.  •  (x2,  r2)  -  al{KJxl 


That  is, 


n2  —  x2  —  C<rt( AT(m,)/A'Jwx].v  j  klwx  #  0 

and  r2  is  unchanged.  Note  that 

«r(K,J/klwx  =  L^KJ/Klwx-]iKJk,J} 

=  C^h/^kI/cos  (0)  =  VNe 

where  is  the  phase  velocity  of  the  long  wave  and  0  is  the 
long  wave’s  direction  in  the  SAR-oriented  coordinates. 

With  such  a  transformation,  one  has  the  subimage  repre¬ 
sentation 

/(x,  r;  K)  =  /0  | r/x,/tpr[-(x  -  x,)]* 

•exp  {»[k,FA.,-<rl.(K)]x,} 

•J  dn2A(x,  -  n2  -  VNtxt) 

■  | dr2qF(r  -  r2)Glnt(//2,  r2) 

where  G,nf  is  the  transformed  reflectivity  density 
Ginf(n2.  ri)  =  ag(/'i)  exp  {i[kx(n 2  +  >h  cos  °) 

+  kr(r2  +  /i,  sin  0  sin  <50)  +  2 k0r2  -  /?b,]}  (7) 


and  where 


h i(«z.  '•2)  =  -4,h.  cos  [K,h.  •  (n2,  r2)] 


Note  that  G,„f  does  not  depend  on  x,  and  is  in  fact  the  scene’s 
reflectivity  density  G  when  *SAR  is  infinite. 

The  further  changes  of  dummy  variables 

n,  =  (1  —  f^slx, 


n  =  (1  -  Vm)x 


lead  to  the  form 


(1  -  Kve)/C»/d  -  VNe),  r;  K)  =  /0  j  d/», Apr[- (n  -  «,)/(!  -  Kw)]* 
■exp  {iPitf}  » -j* dn2A(n,  -  n2) ^dr2qhir  -  r2)CM(n2,  r2)  (8) 


P  =  lVNOkx  -  <7„(K)]/(1  -  Vso)  (9) 

It  remains  to  choose  the  SAR  processor  impulse  response 
and  interpret  its  multiplying  phase  factor.  Suppose  Apr  is 
chosen  so  that 

Mp»[»/(1  -  Fw)]|  =  M(h)| 
and  its  phase  is  a  linear  FM  with  rate 

Kpt  =  U-FOT)2KSAR 

/CSAR  being  the  linear  FM  rate  of  A.  Note  that  these  choices 
do  not  depend  upon  the  wavelet’s  wave  number  K.  Then  (8) 
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becomes 


(1  -  yN»)m  1  -  Kve),  r;  K]  =  /0| dnxAl-n  -  /«,)]* 

’  exP  {IP* i)  J  dn2A(nx  -  n2)  j dr2qF(r  -  r2)  *  Gint(n2,  r2)  (10) 


Note  that  no  approximations  have  been  made  to  this  point, 
given  (6). 

The  right-hand  side  of  (10)  is  the  conventionally  processed 
SAR  image  of  a  stationary  scene,  characterized  by  the  reflec¬ 
tivity  density  Gln((i;2,  r2;  K),  except  that  the  scanned  SAR  data 
(or  if  we  choose,  the  processing  filter)  is  “on  a  carrier”  of  wave 
number  P.  It  is  well  known  that  this  results  in  an  image  shift, 
or  translation,  of  amount  nd  =  P/Ksak  ;  the  image  is  otherwise 
undistorted,  to  a  good  approximation,  when  this  translation  is 
small  in  relation  to  the  support  of  A,  that  is,  the  azimuth 
extent  of  the  SAR  antenna’s  “footprmt”  on  the  mean  sea. 
Omitting  these  well-known  details  (see,  for  example,  Harger 
[1970])  here,  to  a  good  approximation, 

(1  -  KvoKCf"  "  »d)/(l  -  vm),  r ;  K]  =  exp  {iPn}l0 

’  J  dn2qA{n  -  n2)  *  j  dr2qF(r  -  r2)Glnf(n2,  r2)  (11) 

The  n,  integration  has  been  implicitly  carried  out  in  (11); 
qA(i i),  the  convolution  of  A(x)  with  A(— x)*,  is  the  SAR 
system’s  impulse  response  in  the  along-track  direction.  The 
magnitude-squared  of  the  right-hand  side  of  (1 1)  has  the  form 
of  the  image  intensity  of  the  conventional  SAR  image  of  a 
scene  with  reflectivity  density  G,nf,  which  is  the  reflectivity 
density  of  the  temporally  varying  scene  scanned  with  infinite 
^sar- 

Thus  the  assertion  is  established.  Note  that  as  the  wavelets 
are  uncorrelated  in  the  representation  in  (1),  the  phase  exp  iPn 
in  (11)  does  not  affect,  for  example,  the  average  intensity  of  the 
refocused  image. 

It  remains  of  interest  to  further  analyze  the  nature  of  the 
image  defined  by  (1 1).  The  nature  of  G,„„  given  by  (7),  suggests 
an  approximation  by  the  method  of  stationary  phase.  Omit¬ 
ting  the  details  of  this  calculation,  it  results  that,  when 
PsaMA,J)w  »  1.  the  SAR  image  is  well  approximated  by 
pairs  of  SAR  impulse  responses,  of  resolution  pSA„,  one  associ¬ 
ated  with  the  crest  of  the  long  wave  and  the  other  with  the 
trough,  each  degraded  by  a  quadratic  phase  error,  translated, 
and  repeated  at  the  period  of  the  long  wave.  The  phase  error 
and  the  translation  are  of  opposite  sign  for  each  member  of 
the  pair;  again,  the  phase  error  is  independent  of,  and  the 
translation  dependent  on,  the  wavelet’s  wave  number. 

Thus  it  can  happen  that  the  phase  error  and  translation  due 
to  the  longwave  motion  can  be  reduced  at  the  ciests  and 
increased  at  the  troughs  of  the  long  wave.  The  focus  corre¬ 
lation  for  the  combined  phase  error  is,  in  TOWARD,  little 
altered  from  that  due  to  motion  alone.  Given  such  a  focus 
correction,  the  translations  of  the  wavelets’  image  artifacts  as¬ 
sociated  with  the  longwave  crests  will  all  be  equal  provided 


AlwK,wo(Klw)HIVs ar  =  1  (12) 

where  H  is  the  SAR  vehicle’s  altitude. 

Relation  (12)  explains  why  the  artifacts  of  only  long  waves 
with  a  restricted  set  of  parameters  seem  to  be  visible  to  a 
specific  SAR  system  [ Beal  et  al.,  1983]. 
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Comparison  of  Measured  and  Predicted  Sea  Surface  Spectra  of  Short  Waves 
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Reliable  sea  surface  slope  time  scries,  using  a  laseroptical  receiver  system  deployed  on  a  wave  follower, 
are  analyzed  to  yield  slope  frequency  spectra  of  the  ocean  surface  up  to  300  Hz.  The  results  show 
significant  differences  when  compared  with  the  Pierson  and  Stacy  (1973)  model.  An  empirical  model  is 
proposed  in  this  paper  that  is  consistent  with  the  observed  slope  spectra.  The  newly  proposed  model  is 
compared  with  other  more  recently  advanced  shortwave  spectral  models. 


1.  Introduction 

Considerable  interest  in  short  surface  waves  has  evolved  in 
recent  years  with  the  advent  of  microwave  remote  sensing 
techniques.  Previous  emphasis  has  been  on  long  ocean  wave 
measurements  with  frequencies  of  less  than  0.3  Hz,  and  corre¬ 
sponding  wavelengths  greater  than  15  m.  Present  interest  in 
shortwave  measurements  extends  in  frequencies  to  300  Hz  and 
in  wavelengths  down  to  0.2  cm. 

Early  interest  in  wave  spectral  properties  focused  on  the 
forward  face  of  the  spectrum  denoted  by  the  "equilibrium 
range.”  Phillips  [1958]  suggested,  on  the  basis  of  dimensional 
arguments,  that  the  form  of  the  spectrum  is  f~ 5,  where  /  is 
frequency.  The  equivalent  wave  number  form  corresponds  to 
k~*,  where  k  is  wave  number.  The  equilibrium  range,  in  the 
form  proposed  by  Phillips  [1958],  is  independent  of  wind 
speed.  The  above  spectral  forms  have  been  incorporated  in 
such  wave  prediction  models  as  the  Joint  North  Sea  Wave 
Project  (JONSWAP)  model  (see  Hasselmann  el  al.  [1973], 
Pierson  et  al.  [1966],  Barnett  [1968],  and  Ewing  [1971], 
among  others). 

The  concept  of  the  equilibrium  range,  as  proposed  by  Phil¬ 
lips  [1958],  has  been  questioned  by  a  number  of  investigators 
on  the  basis  of  experimental  evidence  and  theoretical  argu¬ 
ments  [sec  Phillips,  1985].  The  dependence  of  the  high- 
frequency  region  of  the  spectrum  on  wind  speed  was  shown  by 
Shemdin  et  al.  [1972];  it  was  further  corroborated  by  Mitsuy- 
astt  and  Honda  [1974],  Mitsuyasu  [1977],  Uconart  and  Black- 
tnann  [1980],  Tang  and  Shemdin  [1983],  Leykin  and  Rozenherg 
[1983],  and  Atgklurk  and  Katsaros  [1987],  Alternative  forms 
of  the  equilibrium  range  have  been  advanced  that  are  pri¬ 
marily  valid  in  the  region  /  <  0.3  Hz.  These  spectra  exhibit 
power  law  forms  f~*  or  k~yi  and  a  dependence  on  wind 
speed.  Among  those  subscribing  to  these  characteristics  are 
Kitaigorodskii  [1983],  Phillips  [1985],  and  Donelan  et  al. 
[1985],  among  others. 

The  determination  of  the  spectral  shape  of  short  waves  in 
the  range  0.3  < /-<  300  Hz  or  0.2  cm  <  /.  <  15  m,  where  /.  is 
wavelength,  has  become  a  subject  of  interest  in  order  to  un- 
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derstand  radar  backscatter  processes.  The  spectral  form  given 
by  Pierson  and  Stacy  [1973]  is  based  on  a  mix  of  data  sets 
obtained  in  the  laboratory  and  in  the  field.  The  data  sets  on 
short  waves  were  obtained  by  investigators  using  capacitance 
wave  gauges  [ Sutherland ,  1968]  which  are  now  known  to  be 
limited  in  frequency  response  (<  10  Hz)  and  by  optical  sensors 
[Cox,  1958]  which  are  known  to  have  high-frequency  re¬ 
sponse.  The  model  has  been  used  extensively  in  many  appli¬ 
cations  and,  in  the  absence  of  detailed  verification,  has  pro¬ 
duced  reasonable  results. 

The  present  paper  focuses  on  analysis  of  slope  time  series 
obtained  with  a  laser-slope  sensor  deployed  from  a  wave  fol¬ 
lower.  Two  data  sets,  obtained  in  the  Marine  Remote  Sensing 
Experiment  in  the  Tower  Ocean  (M ARSEN)  and  in  Wave  and 
Radar  Dependence  Experiment  (TOWARD),  are  analyzed  at 
various  wind  speeds  u.  The  results  obtained  provide  a  basis 
against  which  the  Pierson  and  Stacy  [1973]  model  is  evalu¬ 
ated.  The  experimental  results  are  used  to  produce  an  empiri¬ 
cal  model  that  is  consistent  with  the  TOWARD  and 
MARSEN  observations.  The  proposed  model  is  compared 
with  those  suggested  by  other  investigators,  such  as  that  pro¬ 
posed  by  Donelan  and  Pierson  [1987], 

2.  Experimental  Setup  and  Data  Analysis 
Procedure 

The  surface  slope  measurements  were  obtained  using  a 
laser-optical  sensor  [see  Toher  et  al.,  1973]  mounted  on  a 
wave-following  C  frame.  The  wave  follower  structural  system 
is  shown  in  Figure  1,  and  the  C  frame  is  shown  in  Figure  2 
[sec  I  twang  and  Shemdin,  this  issue].  The  results  of  sensor 
calibration  arc  given  by  Hwang  and  Shemdin  [this  issue],  The 
sensor  measures  surface  slopes  in  the  range  0'-30\  with  an 
accuracy  of  0.5  and/or  13%  of  the  surface  slope,  whichever  is 
smaller.  More  than  100  hours  of  slope  data  were  acquired  at 
various  wind  speeds  and  swell  conditions.  Of  these,  approxi¬ 
mately  20  hours  of  data  were  selected  for  detailed  analysis. 

In  this  paper  the  slope  spectra  arc  computed  using  15-min 
time  scries  following  two  procedures.  The  first  procedure  is  to 
compute  a  spectrum  from  each  1-s  time  scries  and  then 
average  over  900  such  spectra  to  achieve  high  statistical  reli¬ 
ability.  The  second  is  to  compute  one  spectrum  from  each  64-s 
time  series  in  a  15-min  record  and  then  average  14  indepen¬ 
dently  determined  spectra  to  achieve  high  frequency  resolu¬ 
tion.  A  combination  of  these  two  procedures  is  used  to  present 
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the  experimental  results.  Typical  such  spectra  at  it,  =  6  and 
21  cm/s  are  shown  in  Figure  3.  The  slope  spectra  are  present¬ 
ed  in  terms  of  frequency  times  the  slope  spectrum  versus  fre¬ 
quency.  An  amplitude  spectrum  that  has  /~5  shape  in  the 
gravity  range  would  show  as  a  flat  distribution  (parallel  to  the 
frequency  axis)  in  Figure  3. 

The  spectra  shown  in  Figure  3  suggest  that  in  the  vicinity  of 
/=  1.0  Hz  the  wave  height  spectrum  with  form  f  "  corre¬ 
sponds  to  n  =  5.  At  lower  frequencies  it  is  shown  that  it  <  5, 
and  at  higher  frequencies  there  are  regions  where  n  >  5.  A 
comparison  between  the  measured  spectra,  shown  in  Figure  3, 
and  predicted  spectra  based  on  the  Pierson  anil  Stacy  [1973] 
model  is  shown  in  Figure  4.  Differences  arc  observed  between 
the  model  (hereinafter  referred  to  as  the  P-S  model)  and  the 


Fig.  3.  Measured  slope  spectra  at  »,  =  6  and  21  cm/s. 

TOWARD  measurements.  These  include  (1)  A  region 
0.2  </<  2.0  Hz  where  the  P-S  model  shows  no  wind  speed 
dependence  whereas  the  measured  spectra  do  and  (2)  A  region 
2.0  </<  20.0  Hz  where  the  P-S  model  predicts  higher  spec¬ 
tral  values  than  the  measurements. 

Donehm  anil  Pierson  [1987]  have  recently  proposed  a  wave 
spectral  model  utilizing  radar  backscatter  measurements.  This 
model  is  hereinafter  referred  to  as  the  D-P  model.  The  D-P 
model  is  specified  as  a  directional  wave  number  spectrum  in 
terms  of  environmental  parameters  such  as  wind  speed  and 
sea  surface  temperature.  Comparison  with  the  TOWARD 
measurements  requires  either  conversion  of  the  D-P  model  to 
the  frequency  domain  or  conversion  of  the  TOWARD  data  to 
the  wave  number  domain.  The  latter  requires  assumptions  on 
the  directional  distribution  of  waves  in  addition  to  local 
measurement  of  the  current  field.  To  minimize  the  need  for 
assumptions  and  to  make  the  comparison  more  valid,  it  was 
decided  to  convert  the  D-P  spectral  model  to  the  frequency 
domain  for  comparison  with  the  TOWARD  frequency  spec¬ 
tra  This  was  achieved  by  using  the  locally  measured  current 
field  and  adopting  the  transformation  equations  given  by 
Hut/hes  [1978].  The  Doppler  influence  of  the  orbital  current 


Fig.  4.  Comparison  of  measured  slope  spectra  with  predictions  of 
Pierson  ami  Stacy  [1973], 


Fig.  2.  C  frame  structural  assembly. 
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Fig.  5.  Comparison  of  measured  spectra  with  predictions  of  Donclcm 
aiul  Pierson  [1987]. 


associated  with  long  waves  on  the  intrinsic  frequency  of  short 
waves  has  been  addressed  by  Evans  and  Slwmdin  [1980]  and 
more  recently  by  Ataktttrk  and  Katsaros  [1987],  The  wave 
number  spectra  and  associated  directional  distributions  speci¬ 
fied  in  the  D-P  model  were  converted  into  frequency  wave 
height  spectra  for  the  wind  speeds,  water  temperatures,  and 
current  fields  measured  in  TOWARD.  A  slope  frequency  spec¬ 
trum  is  obtained  by  multiplying  the  wave  height-frequency 
spectrum  by  k2,  where  k  is  the  wave  number.  The  converted 
D-P  model  is  shown  in  Figure  5  for  two  wind  speeds,  t/„  =  6 
cm/s  and  21  cm/s.  The  orbital  velocity  of  long  waves  and  the 
ambient  current  have  the  effect  of  broadening  the  bandwidth 
of  the  intrinsic  frequency  spectrum.  Without  the  Doppler 
effect  due  to  current,  the  D-P  converted  frequency  spectra 
would  have  narrower  bandwidths  compared  with  those  shown 
in  Figure  5. 

The  frequency  spectra  derived  from  the  TOWARD 
measurements  arc  also  shown  in  Figure  5  for  i/,  =  6  cm/s  and 
21  cm/s.  Substantial  differences  are  observed  between  the 
model  and  measurements  in  the  region  / <  0,5  Hz  and  />  8 
Hz.  An  order  of  magnitude  agreement  is  observed  in  the 
region  0.5  </<  8  Hz. 

3.  Delineation  of  Wave  Height 
Spectral  Domains 

Since  the  introduction  of  the  equilibrium  range  by  Phillips 
[1958],  other  dynamical  influences  on  the  high-frequency 
slope  of  the  wave  height  spectrum  have  been  considered.  The 
influence  of  surface  drift  on  wave  breaking  and  hence  on  the 
high-frequency  face  of  the  spectrum  has  been  examined.  The 
influence  of  surface  drift  is  found  to  be  important  in  a  domain 
that  corresponds  to  2 nf  ~  2<j/ut,  where  y  is  gravitational  ac¬ 
celeration  and  i/,  is  wind  shear  velocity  [see  Phillips,  1977]. 
Both  Kitaiyorodskii  [1983]  and  Phillips  [1985]  have  con¬ 
cluded  recently,  on  the  basis  of  theoretical  arguments,  that  the 
forward  face  of  the  spectrum  can  have  f~i  distribution  in 
certain  frequency  bands  and  f'i  distribution  in  others.  Build¬ 
ing  on  the  above  arguments,  it  is  postulated  here  that  five 
spectral  domains  in  the  forward  face  of  the  wave  height  spec¬ 
trum  may  be  specified  as  follows  (sec  Figure  6). 


Fig.  6.  Delineation  of  five  wave  spectral  regions  (/0  is  the  frequency 
corresponding  to  peak  energy  in  the  wave  height  spectrum). 


1.  The  inertial  range  (domain  a  in  Figure  6)  is  given  by 

<!>(<?)  =  autga~*  a0  <  a  <  ag  (1) 

where  <j>  is  wave  height  spectrum,  a  =  2 nf,  a0  is  the  frequency 
corresponding  to  peak  energy  in  the  wave  height  spectrum,  a 
is  a  dimensionless  spectral  constant,  and  ag  is  the  frequency 
bound  that  separates  the  inertial  range  from  the  gravity  range, 
shown  in  normalized  form  as  <r,  =  agujy  in  Figure  7. 

2.  The  gravity  range  (b  in  Figure  6)  is  given  by 

<!>(<*)  =  lly2a~s  (Tg  <  a  <  ad  (2) 


o  — 
9 


Fig.  7.  Dimensionless  graph  of  four  spectral  regions.  Regions 
1  IV  correspond  to  the  inertial,  gravity,  drift,  and  capillary  domains, 
respectively.  The  boundaries  dt  d±  are  specified  in  the  text 
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where.//  is  a  dimensionless  spectral  constant  defined  for  this 
range  and  ad  -  2g,'u*  is  the  frequency  that  separates  the  grav¬ 
ity  range  from  the  surface  drift  range,  shown  in  normalized 
form  as  <f,  in  Figure  7. 

3.  The  surface  drift  range  (c  in  Figure  6)  is  given  by 

t]>(o)  =  /, (~~j  (J'a " 5  °j<a  <  °c  (3) 

where/, (oujg)  is  a  function,  whose  form  is  yet  to  be  defined, 
that  specifies  the  influence  of  surface  drift  in  the  high- 
frequency  slope  of  the  wave  height  spectrum,  and  oc  is  the 
frequency  that  separates  the  surface  drift  range  from  the  capil¬ 
lary  range,  shown  in  normalized  form  as  ai  in  Figure  7. 

4.  The  capillary  range  (d  in  Figure  6)  is  given  by 

m  <fc  <<r  <  o,.  (4) 

where/,  is  a  function,  whose  form  was  defined  by  Lleonarl  and 
Blackmmm  [1980],  that  determines  the  influence  of  wind 
speed,  surface  tension,  and  viscosity  in  this  range,  y  =  T/p,  T 
is  surface  tension,  p  is  water  density,  v  is  kinematic  viscosity 
and  <t,,  is  the  frequency  bound  that  separates  the  capillary 
range  from  the  viscous  range,  shown  in  normalized  form  as  5d 
in  Figure  7. 

5.  The  final  spectral  range  is  the  viscous  range,  whose 
functional  form  is  not  well  understood  because  of  the  over¬ 
whelming  influence  of  ambient  current  (e.g.,  surface  drift)  and 
orbital  velocities  of  the  long  waves,  as  was  shown  by  Ueonart 
and  Blackmann  [1980].  Further  measurements  of  the  short 
wave  number  spectra  in  this  domain  are  required  to  properly 
characterize  this  region. 

In  examining  the  measured  slope  spectra  in  TOWARD, 
shown  in  Figure  6.  it  is  possible  to  discern  the  above  five 
ranges.  Specifying  the  above  wave  height  spectra  in  terms  of 
wave  slope  spectra,  S(<7),  where  S(o)  =  fc2$(< r).  k  is  wave 
number,  the  corresponding  spectral  forms  for  the  wave  slope 
spectra  become 


Inertial  range 

S(<t)  =  «£/■'»» 

<70  <  a  <  ag 

(5) 

Gravity  range 

1 

II 

ag<a<cd 

(6) 

Surface  drift  range 

S(a)=/,(^)ff-'  ad<  a  <ae 
Capillary  range 

S(o)  '  ^<*<<7, 

Viscous  range 

S(<t)  =  unspecified  (9) 

In  equating  the  above  ranges  with  those  shown  in  Figure  6 
(noting  that  the  vertical  axis  in  this  figure  is  frequency  times 
the  slope  spectrum)  it  is  seen  that  the  spectrum  is  wind  speed 
dependent  in  all  five  ranges.  In  the  inertial  range  this  depen¬ 
dence  is  indicated  in  (5).  For  (6)  to  be  valid,  the  constant  // 
must  assume  a  functional  form  that  is  wind  speed  dependent. 
Equation  (7)  correctly  suggests  that  /,  is  wind  speed  depen¬ 
dent.  This  holds  true  for  (8),  suggesting  that  /,  is  wind  speed 
dependent. 


(7) 

(8) 


4.  An  Empirical  Shortwave  Spectral  Model 
Based  on  TOWARD  and  MARSEN  Data  Sets 
Past  investigations  by  Mitsuyasu  [1977],  Forristal  [1981], 
Kalinina  [1981],  and  Kitaiijorodskii  [1983]  have  all  shown 
that  in  the  spectral  region  up  to  3<x0  the  wave  height  spectrum 
shows  dependence  on  wind  speed.  Furthermore,  spectra  mea¬ 
sured  at  different  wind  speeds  cluster  together  in  this  range 
when  the  frequency  axis  is  normalized  with  respect  to  (u+/g) 
[see  Geernaert  el  ai,  this  issue].  When  the  slope  spectra  ob¬ 
tained  in  TOWARD  are  normalized  in  this  manner,  as  shown 
in  Figure  7,  they  also  cluster  together  in  this  range  (denoted 
by  region  I  in  Figure  7).  The  TOWARD  spectra  in  Figure  7 
demonstrate  the  high-frequency  response  of  the  laser-optical 
sensor.  Whereas  reliable  spectra  are  achieved  with  convention¬ 
al  sensors  only  in  region  I,  where  onjg  =  0.1,  the  TOWARD 
data  give  reliable  spectra,  that  go  beyond  aajg  =  1.0.  From 
the  data  set  shown  in  Figure  7  it  is  possible  to  delineate  four 
regions  (I— IV)  which  correspond  to  the  first  four  ranges  dis¬ 
cussed  previously.  In  Figure  1,5  =  <ru^/gi  the  lines  denoted 
by  <?,,  52,  a3,  and  dj  specify  the  border  frequencies  <rg,  ad,  oc, 
and  a,„  respectively.  The  border  frequencies  5l-5i  are  plotted 
in  Figure  8  as  functions  of  Figure  8  graphically  defines  the 
five  regions  I-V. 

The  spectra  in  region  I  arc  uniquely  defined  by  normal¬ 
ization  with  respect  to  ut/g  and  specification  of  a  in  (5).  Here, 
<7  is  found  to  be 

a  =  (7.2±  1)  x  10_J  (10) 

The  boundary  frequency  <?,  is  specified  as  (in  centimeters  per 
second) 

5t  =9.17  x  10"V,J  (II) 
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In  region  II  the  slope  spectra  multiplied  by  frequency  are  all 
parallel  to  the  frequency  axis.  The  spectral  level  is  wind  speed 
dependent,  as  is  shown  in  Figure  9.  The  latter,  in  conjunction 
with  (t,  and  <r2,  define  region  II.  Here,  the  empirical  values  for 
<fj  and  the  slope  spectrum  are,  respectively, 

a2  =  2.9  x  10“X3/2  (12) 

JS(f)  =  oS(o)  =  7.0  x  10'X3'2  (13) 

The  MARSEN  data  set,  shown  in  Figure  9,  indicates  a  tend¬ 
ency  toward  saturation  at  the  high  wind  speeds  encountered 
(h4  >  50  cm/s).  Hence  a  saturation  level  is  adopted  empitically 
in  this  region. 

In  region  III  the  upper  bounding  frequency  a3  is  defined  as 
fc  =  7.5  Hz 


or 


oc  =  47.1  rad/s 

which  corresponds  to 


= 


°c 


—  =  4.8  x  10- 
9 


(14) 


In  Figure  7  the  slopes  of  the  fS{f)  spectra  in  region  III  are 
found  to  be  wind  speed  dependent.  When  the  spectra  are  nor¬ 
malized  with  respect  to  the  levels  in  region  II  and  the  fre¬ 
quencies  are  normalized  with  respect  to  <r2,  the  slope  depen¬ 
dence  on  u,  is  shown  in  Figure  10a  for  the  TOWARD  data 
set  and  in  Figure  10b  for  the  MARSEN  data  set.  The  empiri¬ 
cal  relationships  of  the  slopes  with  respect  to  wind  speed  are 
shown  in  Figure  11  for  the  above  two  data  sets.  Here,  the 
TOWARD  data  set  exhibits  a  different  variation  compared  to 
the  MARSEN  data  set.  The  empirical  relationships  are 


^S(o)_  fS(f)  (f  V 
aS(<r2)  f2S(f2)  \fj 


(15) 


where 


Fig.  9.  Peak  spectral  values  in  region  II  versus  u,.  Pluses  denote 
TOWARD  data;  squares,  MARSEN  data. 


Fig.  10a 


Fig.  10.  Slopes  ofregion  III  for  (a)  TOWARD  and  (fr)  MARSEN. 


y-iosfcj  d« 

The  constants  u0e  and  B  for  the  TOWARD  and  MARSEN 
data  sets  arc  as  follows: 

TOWARD  MARSEN 

ii,e  158  57.9 

H  0.5  1.18 

In  region  IV  the  boundary  frequency  <r4  is  specified  by /„  = 
30  Hz,  which  yields 

er4  =  19.2  x  10-2ti,  (17) 

The  spectral  level  in  region  IV  is  selected  on  the  basis  of  the 
value  of fS(f)  =  oS(o)  at /=  7.5  Hz.  The  slope  of fS(f)  is  flat, 
i.e.,  parallel  to  the  frequency  axis  in  this  region. 
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Fig.  1 1.  Slopes  of  spectra  in  region  III  versus  u,.  Pluses  denote  TOWARD  data;  squares,  MARSEN  data. 


As  can  be  observed  in  Figure  3,  region  V  occupies  the 
domain/ >  80  Hz.  Here,  the  influences  of  viscous  dissipation 
and  ambient  current  are  dominant  [see  Lleonart  and  Black - 
mann,  1980].  The  slope  of  the  fS(f)  spectrum  in  this  region 
(100  </<  300)  is  determined  from  the  TOWARD  measure¬ 
ments  to  be  - 1.  This  corresponds  to  a  wave  slope  spectrum  of 
-2  and  a  wave  height  spectrum  of  -3.33.  The  available 
measurements  from  TOWARD  do  not  allow  a  complete  de¬ 
termination  of  the  functional  form  relevant  to  this  region. 
Hence  it  is  left  unspecified  in  the  empirical  model  proposed 
here  until  additional  data  become  available. 

The  model  proposed  in  this  paper  is  presented  graphically 
in  Figure  12.  A  comparison  with  the  TOWARD  data  is  shown 
in  Figure  13  for  two  different  wind  speeds.  The  model  ap- 


f  (Hi) 


Fig.  12.  Predicted  spectra  of  the  model  at  u,  =  12,  24,  36,  and  48 
cm/s. 


proximates  the  data  rather  well  in  the  region  where/>  0.5  Hz. 
In  this  domain,  only  the  TOWARD  and  MARSEN  data  sets 
provide  measurements  that  are  free  of  sensor  response  limi¬ 
tations.  In  the  frequency  domain  /  <  0.5  Hz,  an  abundance  of 
measurements  collected  by  numerous  investigators  have  been 
utilized  to  specify  the  model  proposed.  In  Figure  13  the  model 
deviates  from  the  TOWARD  data  in  this  region  because  the 
model  in  this  domain  is  shaped  by  the  extensive  data  sets 
available  in  the  ’iterature. 

5.  Model  Comparisons 

A  comparison  between  the  model  developed  in  this  paper 
and  that  given  by  Pierson  and  Stacy  [1973]  is  shown  in  Figure 
14.  As  expected,  the  two  models  differ  in  the  region 
0.2  </<  2.0  Hz  in  their  dependencies  on  wind  speed.  The 
model  proposed  here  does  exhibit  the  observed  wind  speed 
dependence,  whereas  the  P-S  model  does  not.  The  two  models 
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Fig.  14.  Comparison  of  the  proposed  model  with  the  Pierson  and 
Stacy  [1973]  model. 


also  differ  in  the  range  2.0  </<  20.0  Hz,  where  the  P-S  model 
predicts  significantly  higher  spectral  levels  compared  with  the 
model  proposed  here. 

Finally,  the  model  proposed  by  Donelan  and  Pierson  [1987] 
is  compared  with  the  model  developed  here  in  Figure  15, 
These  two  models  also  show  substantial  differences,  although 
both  exhibit  the  wind  speed  dependence  in  the  region 
0.2  </<  2.0  Hz.  The  D-P  model,  however,  shows  a  sharp 
spectral  cutoff  at  frequencies  /  >  8.0  Hz.  The  latter  is  not  sub¬ 
stantiated  by  the  TOWARD  and  MARSEN  observations.  At 
the  lower  frequencies  (proximity  of/  =  0.1  Hz)  the  D-P  model 
also  deviates  from  the  model  proposed  here. 

6.  Summary  and  Conclusions 

An  empirical  frequency-spectral  model  is  developed  using 
the  TOWARD  and  MARSEN  wave  slope  observations.  The 


Fig.  15.  Comparison  of  the  proposed  model  with  the  Donelan  and 
Pierson  [1987]  model. 


same  laser-optical  sensor  used  in  MARSEN  was  used  in 
TOWARD  and  was  deployed  from  the  same  wave  follower. 
The  frequency  response  of  this  sensor  allows  accurate 
measurement  of  the  sea  surface  slope  to  300  Hz.  The  two  data 
sets,  obtained  in  different  environments,  are  sufficiently  consis¬ 
tent  to  allow  development  of  a  coherent  model,  as  proposed 
here.  This  model  shows  significant  differences  when  compared 
with  the  P-S  model  and  also  when  compared  with  the  D-P 
model.  The  P-S  model  was  developed  in  1973  and  is  based  on 
a  collection  of  data  sets,  some  acquired  in  the  laboratory  and 
some  in  the  field.  The  frequency  responses  of  the  sensors  used 
in  acquiring  some  of  the  data  sets  were  limited  to  <  10  Hz. 
Hence  it  is  inferred  that  the  present  model  is  based  on  more 
representative  data  compared  with  the  P-S  model.  The  lack  of 
accurate  shortwave  measurements  had  prevented  verification 
of  the  P-S  model  until  now. 

The  D-P  model  specifies  shortwave  spectral  levels  based  on 
in  situ  wave  measurements  and  on  radar  backscatter  measure¬ 
ments.  While  in  principle  the  approach  is  sound,  the  lack  of 
better  agreement  between  the  D-P  model  and  TOWARD/ 
MARSEN  data  sets  leaves  questions  to  be  answered  regarding 
the  correlation  between  shortwave  and  radar  backscatter.  The 
latter  is  the  subject  of  considerable  interest  recently. 
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Directional  Measurement  of  Short  Ocean  Waves  With  Stereophotography 
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Stereophotographs  of  the  sea  surface,  acquired  during  the  Tower  Ocean  Wave  and  Radar  Dependence 
experiment  (TOWARD),  are  analyzed  to  yield  directional  wave  height  spectra  of  short  surface  waves  in 
the  6-  to  80-cm  range.  The  omnidirectional  wave  height  spectra  are  found  to  deviate  from  the  k~4 
distribution,  where  k  is  the  wave  number.  The  stereo  data  processing  errors  are  found  to  be  within  ±5%. 
The  omnidirectional  spectra  yield  514  degrees  of  freedom  for  30-cm-long  waves.  The  directional  distri¬ 
bution  of  short  waves  is  processed  with  a  directional  resolution  of  30l\  so  as  to  yield  72  degrees  of 
freedom  for  30-cm-long  waves.  The  directional  distributions  show  peaks  that  arc  aligned  with  the  wind 
and  swell  directions.  It  is  found  that  dynamically  relevant  measurements  can  be  obtained  with  stereopho- 
tography,  after  removal  of  the  mean  surface  associated  with  long  waves. 


1.  Introduction 

The  advent  of  microwave  remote  sensing  has  emphasized 
interest  in  short  surface  waves  with  wave  lengths  in  the  range 
1-1000  cm.  There  is  need  for  spatial  measurements  of  the  sea 
surface  using  photographic,  remote  sensing,  and  in-situ  scan¬ 
ning  techniques. 

Early  interest  in  wave  height  spectral  properties  focused  on 
the  shape  of  the  forward  face  of  the  spectrum.  This  region  has 
been  referred  to  in  the  literature  as  the  "equilibrium  range." 
Phillips  [1958]  proposed,  on  the  basis  of  dimensional  argu¬ 
ments,  that  the  wave  height  spectrum  should  have  frequency 
dependence  J " 5,  which  for  linear  gravity  waves  corresponds  to 
wave  number  dependence  k*.  This  form  has  been  commonly 
incorporated  in  wave  spectral  models  such  as  those  proposed 
by  Pierson  el  al.  [1966],  Barnett  [1968],  Ewing  [1971],  Hasscl- 
niann  et  al.  [1973],  and  more  recently,  Donelan  and  Pierson 
[1987], 

The  concept  of  the  equilibrium  range,  as  proposed  by  Phil¬ 
lips  [1958],  has  been  reevaluated  by  a  number  of  investigators 
on  the  basis  both  of  experimental  evidence  and  of  theoretical 
arguments.  The  high-frequency  region  of  the  wave  height  spec¬ 
trum  is  found  to  depend  on  wind  speed,  as  reported  by  investi¬ 
gators  such  as  Shemdm  et  al.  [1972],  Mitsuyasu  and  Honda 
[1974],  Mitsuyasu  [1977],  Ueonart  and  Blackman  [1980], 
Tang  and  Shemdin  [1983]  and  more  recently,  Shemdin  and 
Hwang  [this  issue].  Alternative  forms  of  the  equilibrium  range 
have  been  advanced  based  on  theoretical  arguments,  and  are 
shown  to  be  valid  when  compared  to  measurements  in  the 
range  /<  0.3  Hz.  These  exhibit  a  dependence  on  wind  speed 
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and  follow  a  power  law  of  the  form  f*  or  k~yi,  Among  those 
subscribing  to  this  form  are  Kitaigorodskii  [1983],  Phillips 
[1985],  and  Donelan  et  al.  [1985],  The  advance  of  new  tech¬ 
niques  to  directly  measure  the  wave  number  spectrum  in  the 
range  1- 100  cm  will  have  a  profound  impact  on  understand¬ 
ing  radar  backscattcr  mechanisms.  It  is  also  crucial  for  deter¬ 
mining  the  dynamical  processes  governing  the  equilibrium  of 
short  waves  and  their  modulation  by  long  waves.  The  tradi¬ 
tional  in  situ  techniques  provide  time  series  from  which  wave 
height  and  slope  frequency  spectra  are  computed.  Conversion 
of  frequency  spectra  to  wave  number  spectra  has  been  attemp¬ 
ted  by  investigators  using  the  linear  wave  dispersion  relation¬ 
ships  and  suitable  directional  distributions  [see  Steele  et  al., 
1985].  The  assumptions  associated  with  such  a  conversion 
require  verification  and  hence  in  themselves  generate  the  need 
for  direct  measurement  of  the  spatial  properties  of  surface 
waves. 

The  use  of  stereophotography  to  measure  sea  surface  topog¬ 
raphy  was  demonstrated  by  Cote  et  al.  [1960]  for  long  ocean 
waves.  The  labor  intensive  requirement  for  processing  stereo 
images  from  pairs  of  photographs  has  prevented  wide  use  of 
this  technique  for  oceanographic  applications. 

Alternatively,  a  method  developed  by  Stillwell  [1969],  based 
on  single  photographs  of  the  sea  surface,  is  demonstrated  to 
provide  a  measure  of  the  slope  wave  number  spectrum,  subject 
to  presence  of  uniform  sky  illumination.  This  method  is  inves¬ 
tigated  in  detail  by  Gotwols  and  Irani  [1980]  and  Monaldo  and 
Kasevkh  [1981],  who  found  it  to  yield  reasonable  results 
under  ideal  sky  conditions.  They  also  note  that  the  technique 
is  limited  in  accuracy  when  such  conditions  arc  not  present. 
The  technique  docs  not  provide  the  directional  distribution  of 
the  wave  height  spectrum.  Rather,  it  provides  the  directional 
slope  component  spectrum  as  measured  through  a  cos2  ( 0 
—  0o)  filter,  where  0o  is  the  camera  look  direction.  Presum¬ 
ably.  the  directional  slope  spectrum  can  be  extracted  using  the 
above  filter,  subject  to  signal  attenuation  at  high  azimuthal 
angles  relative  to  the  camera  look  direction. 
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Fig.  I.  Recent  photograph  of  the  NOSC  lower  seen  from  Ihe  west. 


Because  of  the  limitations  associated  with  the  Stillwell  tech¬ 
nique,  interest  in  stcreophotography  has  persisted,  as  is  evi¬ 
denced  by  the  studies  of  Suyimori  [1975]  and  Holtlniijsen 
[1983], 

The  present  investigation  is  part  of  the  Tower  Ocean  Wave 
and  Radar  Dependence  experiment  (TOWARD)  conducted 
during  1984-1986  from  the  Naval  Ocean  Systems  Center 
(NOSC)  tower  offshore  of  Mission  Beach,  San  Diego,  Califor¬ 
nia.  An  overview  of  this  experiment  and  early  results  are  given 
by  Shenidin  et  al.  [1986],  The  present  paper  is  part  of  a  col¬ 
lection  of  papers  representing  the  first  segment  of  the  scientific 
output  from  the  TOWARD  experiment. 


2.  Experimental  Setup  and  Procedure 

Two  70-mm  Hasselblad  cameras  with  150-mm  focal  length 
lenses  were  used  in  March  1985,  and  80-min  lenses  were  used 
in  December  1985  and  January  1986.  They  were  deployed  on 
the  NOSC  tower,  shown  in  Figure  1,  at  an  altitude  of  approxi¬ 
mately  9.5  m  (subject  to  tidal  fluctuations)  and  horizontal 
baseline  separation  of  5.0  m.  A  baseline-to-height  ratio  of  0.4 
was  selected  for  the  experiment.  The  two  cameras  were  set  to 
view  a  common  area  on  the  sea  surface  in  the  westerly  direc¬ 
tion  by  setting  the  incidence  angle  of  each  camera  to  approxi¬ 
mately  30"  and  the  azimuthal  angle  so  that  the  overlapped 
area  in  the  view  of  both  cameras  is  maximized.  A  schematic 
diagram  of  the  stereo  setup  is  shown  in  Figure  2.  A  horizontal 


T  bar  was  deployed  from  the  tower  at  an  elevation  of  3.0  m 
above  the  sea  surface,  also  extending  in  the  westerly  direction, 
as  shown  in  Figure  2b.  The  T  bar  was  used  (I)  to  define  the 
area  of  overlap  on  the  sea  surface,  and  (2)  to  provide  control 


Fig.  2.  Schematic  of  stereo  gcometiy.  The  camera  and  T  bar  view 
direction  is  toward  west. 
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CONTOURS:  ELEVATION  OF  LARGE  SCALE  WATER  SURFACE 
GREY  TONES:  AMPLITUDE  OF  SMALL  SCALE  WAVES 


p - 250  cm - ►] 

RESOLUTION  X  &  Y  *  0.85  cm 
RESOLUTION  Z  -  0.3  cm 

Fig.  3d.  Map  of  surface  elevation  determined  from  stereo  pair  frame  24  acquired  on  March  27,  1985.  The  contours 
represent  •the  mean  surface  elevation  above  an  arbitrary  datum.  Intensity  in  the  frame  represents  small-scale  surface 
elevation  7.  at  each  point  in  the  X-Y  plane. 


points  for  establishing  the  stereo  processing  model.  The  latter 
defines  the  incidence  angle  and  range  to  the  ocean  surface 
patch  being  surveyed.  The  stcrcophotographic  correlating  fa¬ 
cilities  of  the  U.S.  Geological  Survey  in  Flagstad’,  Arizona, 
were  used  for  stereo  processing  of-  all  the  data  acquired  in 
TOWARD.  The  camera  /-stops  were  selected  in  the  range 
8-16,  with  1/250  s  as  a  minimum  shutter  speed.  The  depth  of 
lield  was  kept  m  the  range  5  10  m  to  insure  continuous  focus 
for  the  short  waves  at  all  phase  points  of  the  long  waves.  The 
selected  frame  rate  was  one  per  1.5  s.  A  high-speed  film,  400 
ISO,  was  used. 

A  typical  stereo  image  is  shown  in  Figure  3a,  where  con¬ 
tours  of  the  mean  sea  surface  elevation  (due  to  long  waves)  arc 
superposed.  The  contour  lines  are  established  from  the  abso¬ 
lute  elevation  above  the  datum  provided  by  the  stereo  analy¬ 
sis.  They  show  the  area  being  viewed  in  relation  to  the  surface 
elevation  associated  with  the  long  surface  waves.  The  area  of 
the  sea  surface  viewed  by  the  cameras  in  Figure  3  is  250 
cm  x  250  cm.  The  corresponding  horizontal  resolution  in 
both  the  X  and  F  directions  is  0.85  cm,  and  the  estimated 
vertical  resolution  is  0.3  cm.  The  X  axis  is  aligned  in  the 
east-west  direction,  and  the  Y  axis  is  aligned  in  the  north- 
south  direction. 

The  photograph  obtained  with  the  left  camera  is  shown  in 
Figure  3b.  This  photograph  shows  the  position  of  the  T  bar, 
which  is  aligned  horizontally  by  two  carpenter  leveling  bub¬ 
bles.  The  photograph  also  shows  wave  breaking  patches 
(while  water).  The  contours  superposed  on  this  photograph 


are  obtained  from  the  stereo  image  shown  in  Figure  3 a  They 
are  superposed  on  Figure  3b  to  show  positions  of  the  breaking 
patches  in  relation  to  elevation  and  slopes  of  the  mean  sea 
surface.  Conversely,  the  breaking  patches  shown  in  Figure  3a 
are  obtained  from  their  locations  in  the  photograph  shown  in 
Figure  3b.  The  combination  of  stereo  image  and  a  photograph 
provides  useful  information  on  elevation  and  slope  of  the 
mean  sea  surface,  superposed  ripples,  and  regions  of  breaking 
waves.  Such  information,  over  a  250  cm  x  250  cm  patch,  is 
precisely  what  is  needed  for  testing  models  of  radar  back- 
scatter  from  the  sea  surface  and  comparing  outputs  of  such 
models  with  radar  backscatter  measurements. 


3.  Data  Processing  and  Error  Analysis 

From  the  outset  of  this  stcrcophotographic  investigation  it 
was  clear  that  extensive  data  processing  would  be  required  to 
extract  surface  elevation  and  directional  wave  height  spectra 
of  short  waves.  A  typical  stereo  image,  without  special  pro¬ 
cessing,  is  shown  in  Figure  4 a.  Its  two-dimensional  Fourier 
transform  is  shown  in  Figure  4b.  The  bright  cross  at  the  origin 
reflects  the  strength  of  the  mean  surface  on  which  the  ripples 
are  supei posed.  The  mean  surface  masks  the  height  and  direc¬ 
tional  properties  associated  with  the  short  waves  It  was 
found,  following  several  initial  trials,  that  the  mean  surface 
must  be  removed  before  meaningful  measurements  of  short 
waves  can  be  obtained. 


Fig  3h  [’holograph  of  the  sea  surface  showing  nave  breaking.  Superposed  surface  elevation  contours  are  derived  from 

the  sierco  image  shown  in  Figure  2«. 
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(e)  SMOOTH  RECORD  (b)  SUBTRACTED  <d)  WAVE-NUMBER  SPECTRUM  OF  RECORD  IN  tc) 

FROM  TOTAL  RECORD  IN  (i) 

Fig.  5.  Line  scan  analysis  of  stereo  frame  shown  in  Figure  4 a.  (a)  Total  record,  (b)  25-cm  running  average,  (c)  total  record 
minus  mean,  and  Ul)  wave  number  spectrum  of  Figure  5c. 


A  line  scan,  in  the  X  direction,  of  the  image  shown  in 
Figure  4n  is  given  in  Figure  5a.  The  scan  shows  a  30-cm 
vertical  relief  across  the  frame,  with  the  short  waves  super¬ 
posed.  A  25-cm  running  average  over  this  line  scan  is  shown 
in-Figure  5b.  The  latter  represents  the  mean  trena  associated 
with  the  line  scan.  Subtraction  of  the  mean  elevation  in  Figure 
5b  from  the  total  elevation  in  Figure  5tt  yields  the  surface 
displacements  associated  with  the  short  waves,  shown  in 
Figure  5c.  A  one-dimensional  Fourier  transform  of  the  space 
series  given  in  Figure  5c  is  presented  in  Figure  5 </. 

This  one-dimensional  procedure  is  presented  io  provide  a 
simple  illustration  of  the  high-pass  filtering  that  is  required.  In 
reality,  two-dimensional  high-pass  filtering  must  be  applied. 
The  latter  is  achieved  by  least  squares  fitting  a  mean  surface  to 
the  stereo  image.  The  elevation  Z  for  such  a  surface  is  defined 
by  a  second-order  polynomial  of  the  form 

Z  =  a0  +  a  ,.v  +  a2y  +  a3xy  +  «4.v2  +  «5y2  (1) 

where  n,  —  «5  arc  coefficients  defined  by  the  least  squares  fit. 
Subtracting  thc  mean  surface  from  the  total  image  on  a  pixel 
by  pixel  basis  provides  topography  of  the  short  surface  waves. 
A  two  dimensionally  high-passed  surface  using  this  method  is 
shown  in  Figure  6a.  The  surface  shown  here  is  a  square  with 


256  x  256  grid  points,  and  with  corresponding  horizontal  res¬ 
olution  in  both  the  X  and  Y  directions  equal  to  1.6  cm.  The 
total  length  of  the  surface  is  410  cm  on  each  side.  A  boxcar 
window  is  applied  in  Figure  6 a.  The  same  surface  is  shown  in 
Figure  6b  after  a  cosine  taper  window  [see  Harris,  1978]  is 
applied  with  10%  tapering  around  the  edges. 

The  Fourier  transform  of  the  windowed  surface  in  Figure  6b 
is  shown  in  Figure  6c.  The  latter  has  2  degrees  of  freedom 
(DOF)  but  highest  possible  wave  number  resolution.  Increas¬ 
ing  the  degrees  of  freedom  can  be  achieved  by  dividing  the 
surface  in  Figure  6 a  into  16  subblocks  each  containing 
64  x  64  grid  elements.  The  Fourier  transform  of  each  sub¬ 
block  yields  2  degrees  of  freedom  but  with  a  degradediwave 
number  resolution.  In  Figure  6 d  the  average  of  the  16:Foiirier 
tiansforms  is  shown,  it  corresponds  to  32  degrees  of  freedom. 
The  statistical  reliability  of  the  spectral  estimates  will  be  dis¬ 
cussed  in  greater  detail  below.  The  high-pass  filter  function 
applied  in  Figure  6  is  shown  in  Figure  7,  Here,  onjy  waves 
longer  than  80  cm  arc  significantly  attenuated  by  this  filter. 

The  conversion  of  a  two-dimensionaj  Fourier  transform 
into  an  omnidirectional  spectrum  is  achieved  by  converting 
the  wave  number  spectrum  from  Cartesian  to  polar- coordi¬ 
nates.  For  each  wave  number  k  —  {kx2  +  fc}.2)''2,  the  spectral 
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Fig  6.  Two  dimensionally  high-pass  filtered  stereo  image;  (<i)  boxcar  window,  (6)  20%  cosine  taper  window  applied, 
(,  )  two-dimensional  Tourier  transform  of  Figure  6b  with  2  degrees  of  freedom,  and  (</)  average  of  16  Fourier  transforms  of 
subblocks  of  Figure  6 ti  with  32  degrees  of  freedom. 


energy  is  slimmed  directionally,  over  a  ring  with  a  width  dk  = 
dkx  —  dkt,  from  0  to  2n  The  portion  of  energy  included  is 
weighed  in  proportion  to  the  area  of  overlap  between  the 
square  pixel  and  the  ring.  Hence  only  50"  u  of  the  spectral 
energy  in  a  pixel  is  included  if  50%  of  the  pixel  area  overlaps 
the  ring  The  total  spectral  energy  in  both  Cartesian  and  polar 
coordinates  is  conserved. 

In  computing  the  degrees  of  freedom  for  omnidirectional 
spectra,  each  pixel  element  dkx  by  dk}  is  considered  to  have  2 
degrees  of  freedom.  Hence  the  total  number  of  elements  in  a 
ring  is  used  to  compute  the  ring  DOF.  Averaging  over  neigh¬ 
boring  rings  is  used  to  increase  DOF.  A  typical  value  for  a 
ring  centered  at  30-cm  wavelength  and  averaging  over  three 
contiguous  wave  numbers,  yields  514  DOF.  The. latter  corre¬ 
sponds  to  ±8%  in  statistical  variability  for  80%  confidence 
limits. 

Another  source  of  error  in  stereo:processing  is  attributed  to 
the  stereo  operator  This  source  is  investigated  in  this  study  by 
scanning  the  same  stereo  pair  four  independent  times  with 
different  operators  Applying  the  two-dimensional  high-pass 
filtering  procedure  discussed  above  to  each  of  the  five  scans, 


performing  the  two-dimensional  Fourier  transforms,  and  com¬ 
puting  the  directionaly  averaged  spectra  on  each,  yield  four 
independent  spectra  of  the  same  frame.  A  comparison  of  these 
is  given  in  Tigure  8.  The  agreement  between  the  four  spectra  is 
considered  very  good,  error  bands  specifying  the  operator 
error  are  also  shown  in  Figure  8.  These  error  bands  are  simi¬ 
lar  in  magnitude  to  the  bands  of  statistical  variability  for  30- 
cm-long  waves. 


4.  Results 

From  the  discussion  of  stereo  processing  errors  and  statis¬ 
tical  variability  in  the  previous  section,  it  is  clear  that  useful 
dynamical  and  statistical  measurements  can  be  obtained  with 
stcreophotography.  In  this  section,  the  early  scientific  results 
are  presented.  They  focus  on  the  equilibrium  range  in  the 
wave  number  spectrum,  and  the  modulation  of  Jiort  waves  by 
long  waves. 

A  two-dimensional  wave  number  spectrum  t//(k)  is  defined 
for  a  sea  surface  displacement  i/t,\)  in  terms  of  the  covariance 


normalize  energy  density 
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Fig.  7.  The  high-pass  filler  function  applied  to  the  image  in  Figure 

6. 


'unction,  <fi(  r) 


Fig.  9.  Averaged  omnidirectional  spectrum  from  23  frames  in  se¬ 
quence  1. 


</>(r)  =  (>;(x)»/(x  +  r)  (2) 


where  vis  the  vector  position  of  a  point  on  the  sea  surface  and 
r  is  the  separation  vector  between  two  neighboring  points.  It 
can  be  shown  that  [see  Phillips,  1977] 


<t>(r)  - 


ip(k)  exp  (ik-r)  dA 


whcrc  the  mean  squared  surface,  <i/J>,  is  given  by 


<»r>  =  m  = 


4>(k)  dk 


(3) 


(4) 


Pig.  8.  Pour  omnidirectional  spectra  derived  from  five  independent 
stereo  scans  of  the  same  frame. 


Here,  k  is  the  wave  number  vector  given  by  k  =  kxi  +  kyj. 
Equation  (4)  may  be  expressed  in  polar  coordinates,  so  that 


<i/->  =  m  =  |  J  Uk,  0)k  ,1k  dO 

An  omnidirectional  spectrum,  F(k),  is  defined 


F(k)  = 


ip(k,  0 )  ,10 


(5) 

(6) 


Fig.  10.  Average  omnidirectional  spectra  from  sequences  1-3. 
Wind  speeds  are  1.5  2.0  m,s  (solid  line),  2.5  30  m/s  (dotted  line),  and 
4,5  5.0  m/s  (dashed  line). 
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TABLE  1.  Summary  of  Stereo  Image  Sequences 


Sequence 

No.  of 
Frames 

Date 

Time, 

PST 

Wind  Speed, 
m/s 

Upper  Slope 

Lower  Slope 
-n 

1 

10 

Jan.  22,  1986 

1545:00 

1. 5-2.0 

3.6 

2.4 

2 

8 

Jan.  24,  1986 

1320:00 

2. 5-3.0 

3.6 

2.5 

3 

10 

Jan.  24,  1986 

1402:00 

4.5-5.0 

3.6 

2.4 

so  that 


<</2> 


F(k)k  dk 


(7) 


where  F(k)  is  referred  to  in  the  graphical  presentations  to 
follow  as  the  energy  density  with  units  of  cm4.  The  directional 
energy  density,  ip(k,  0),  has  units  of  (cm4/dcg),  as  noted  in  the 
graphical  presentation. 


4.1.  Wind  Wave  Spectra  in  the  Equilibrium  Range 

The  results  presented  here  are  based  on  analysis  of  28  stereo 
pairs  in  three  sequences  (Table  1).  The  average  omnidirection¬ 
al  spectrum  derived  from  the  10  spectra  in  sequence  1  is 
shown  in  Figure  9.  Here,  extremely  narrow  statistical  varia¬ 
bility  bands  corresponding  to  DOF  =  5140  can  be  achieved 
for  30-cm-long  waves.  The  Nyquist  length  for  these  spectra  is 
3.2  cm. 

The  omnidirectional  spectrum  can  be  assumed  to  have  the 
form 


F(k)  =  Ak~"  (8) 

where  A  is  the  equilibrium  range  constant  and  n  is  the  slope 
magnitude.  From  Figure  9  it  is  found  that  n  =  3.6  for  waves 
longer  than  30  cm,  and  2.4  for  waves  shorter  than  30  cm.  A 
noise  floor  is  approached  at  waves  shorter  than  8.0  cm.  It  is 
noted  that  in  other  stcrco-proccsscd  frames,  where  the  Ny¬ 
quist  wave  length  is  1.7  cm,  the  noise  floor  extended  to  waves 
shorter  than  5.0  cm  and  the  n  =  3.6  slope  region  extended  to 
wave  lengths  longer  than  10  cm. 

The  n  -  3.6  slope  supports  the  recent  theoretical  arguments 
introduced  by  Kitaigorodskii  [1983]  and  Phillips  [1985],  The 
slope  n  =  2.4  in  the  higher  wave  number  range  is  presently 
unexplainable  in  dynamical  terms.  It  can  represent  the  transi¬ 
tion  from  the  n  —  3.6  range  to  the  noise  deck,  n  =  0,  at  the 
limit  of  the  high  wave  numbers  measured. 

It  is  noted  that  results  similar  to  those  in  Figure  9  are 
obtained  from  the  other  two  sequences  analyzed.  A  summary 
of  slopes  examined  is  shown  in  Table  1. 

The  equilibrium  range  distribution  proposed  by  Kitaigorod- 
skii  [1983]  and  Phillips  [1985]  can  be  expressed  in  the  form 


F(k)=Dlg'l2Uak'i-i 

(9) 

F(k)  =  B,</,/2l'«r3-5 

(10) 

where  fl,  and  B2  arc  constants,  Ua  and  arc  the  wind  speed 
at  the  reference  altitude  and  wind  friction  velocity,  respec¬ 
tively,  and  g  is  gravitational  acceleration.  The  above  forms 
suggest  that  wave  height  spectra  having  slopes  of  3.5  should 
also  exhibit  wind  speed  dependence.  The  average  spectra  from 
each  of  the  three  sequences  !~3  arc  shown  in  Figure  10.  A 


systematic  wind  speed  dependence  is  detected  for  all  wave 
lengths  in  the  omnidirectional  spectra. 

The  omnidirectional  spectrum  shown  in  Figure  9  is  com¬ 
pared  with  the  recent  model  of  Donelun  and  Pierson  [1987]  in 
Figure  1 1. 


4.2.  Modulation  of  Short  Waves  by  Long  Waves 

A  sequence  of  seven  consecutive  frames  obtained  on  March 
27,  1985,  1048:22  Pacific  standard  time  (PST),  are  processed 
to  yield  the  two-dimensional  spectra  of  short  waves  at  differ¬ 
ent  phase  points  along  a  long  wave.  The  frames  are  obtained 
in  time-lapse  mode  at  1.5-s  intervals.  The  high-pass-filtered 
images  and  their  two-dimensional  Fourier  transforms  are 
shown  in  Figure  12.  The  corresponding  omnidirectional  spec¬ 
tra  arc  shown  in  Figure  13.  Here  the  80%  confidence  limit 
bands  correspond  to  +  8%. 

In  Figure  13  the  bands  associated  with  stereo  processing 
errors  and  statistical  variability  arc  both  shown.  It  is  clear 
from  this  figure  that  the  variability  of  the  omnidirectional 
spectra  at  different  phase  points  along  the  long  waves  are  due 
to  dynamical  interactions  between  the  short  waves  and  long 
waves  and  to  statistical  variability  inherent  in  surface  wave 
measurements.  The  highest  shortwave  spectral  intensities  are 
observed  on  the  trough  of  the  long  waves,  while  relatively  low 
shortwave  intensities  appear  on  the  crest  of  the  long  wave. 
These  results  are  not  inconsistent  with  the  recent  observations 
of  Strizlikin  et  al.  [1985]. 

The  directional  modulation  of  short  waves  by  long  waves  is 
of  considerable  interest.  In  Figure  14  the  directions  of  the 
wind  and  dominant  swell  are  noted  with  respect  to  true  north. 


Fig.  II.  Comparison  of  omnidirectional  spcciruin  in  Figure  9  with 
the  model  of  Donelan  and  Pierson  [1987], 
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Fig.  13.  Omnidirectional  spectra  at  different  phase  points  along 
the  long  wave.  Processing  error  bands  and  statistical  variability  bands 
for  80%  confidence  limits  are  shown. 


The  directional  modulation  of  the  30-cm-Iong  waves  is  shown 
in  Figure  15  at  different  phase  positions  along  the  long  wave. 
The  results  in  Figure  15  correspond  to  30"  directional  resolu¬ 
tion,  averaging  over  five  wave  numbers  with  DOF  =  72.  The 
statistical  variability  band  for  80%  confidence  limits  are  also 
noted  in  Figure  15.  The  modulated  energy  density  levels 
exceed  the  bands  of  statistical  variability,  indicating  that  the 
modulation  is  due  to  the  dynamical  processes.  Here  again,  the 
trough  energy  density  levels  arc  greater  than  those  at  other 
phase  locations  along  the  long  wave. 

A  complete  dynamical  description  of  the  modulations 
shown  in  Figure  15  is  beyond  the  scope  of  this  paper.  What  is 
clear  is  that  stcreophotography  offers  a  unique  measurement 
technique  that  is  needed  to  investigate  the  directional  modula¬ 
tion  of  short  waves  by  long  waves. 


NORTH 


Fig.  14  Schematic  of  wind  and  wave  orientations  for  images  shown 
in  Figure  12. 


Fig.  15.  Directional  distributions  of  30-cm-Iong  waves  at  different 
phase  points  along  the  long  wave.  Directional  resolution  is  30°; 
DOF  =  72.  The  statistical  variability  bands  are  shown. 

5.  Summary  and  Conclusions 

Stcreophotography  was  incorporated  in  the  TOWARD  ex¬ 
periment  to  validate  the  assumptions  used  in  the  transforma¬ 
tion  of  wave  frequency  spectra  to  wave  number  spectra.  A 
careful  analysis  of  stereo  images  to  date  reveals  the  following 
conclusions. 

1.  Two-dimensional  high-pass  filtering  is  required  before 
useful  information  on  short  waves  can  be  obtained. 

2.  The  errors  associated  with  standard  stereo  processing 
are  small  (within  +5%)  in  comparison  with  the  signatures 
associated  with  the  physical  processes  affecting  the  short 
waves. 

3.  The  slopes  of  the  omnidirectional  wave  numb  ,r  spectra 
arc  found  to  deviate  from  the  familiar  AT4  distribution. 

4.  The  stercophotographic  observations  of  centimeter 
waves  are  noUinconsistent  with  the  theoretical  concepts  ad¬ 
vanced  by  Kihuyoroilskti  [1983]  and  Phillips  [1985]  for  the 
equilibrium  range. 

5.  The  directional  distribution  of  the  centimeter  waves  is 
highly  directional,  with  the  peaks  generally  aligned  in  the 
wind  and  swell  directions. 

6.  Significant  directional  modulation  of  the  centimeter 
waves  is  observed  at  different  phase  points  along  the  long 
waves.  The  short  wave  energy  densities  in  the  trough  of  the 
long  wave  exceed  those  at  other  phase  locations. 
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The  Dependence  of  Sea  Surface  Slope  on  Atmospheric  Stability 

and  Swell  Conditions 

Paul  A.  Hwang 

Ocean  Research  and  Engineering,  Pasadena,  California 

Omar  H.  Shemdin1 

Jet  Propulsion  Laboratory,  Pasadena,  California 

A  tower-mounted  optical  device  is  used  to  measure  the  two  orthogonal  components  of  the  sea  surface 
slope.  The  results  indicate  that  an  unstable  stratification  at  the  air-sea  interface  tends  to  enhance  the 
surface  roughness.  The  presence  of  a  long  ocean  swell  system  steers  the  primary  direction  of  shortwave 
propagation  away  from  wind  direction,  and  may  increase  or  reduce  the  mean  square  slope  of  the  sea 
surface. 


1.  Introduction 

The  characteristics  of  short  wind-generated  waves  in  the 
ocean  can  be  easily  modified  by  environmental  parameters  as 
wind,  long  surface  waves,  internal  waves,  currents,  surface 
slicks  and  atmospheric  stability,  among  others.  Such  sensitivi¬ 
ty  of  the  short  waves  allows  remote  sensing  of  these  same 
oceanographic  parameters  (see,  for  example,  Hasselmann  et  al. 
[1985],  Huang  [1979],  Chelton  and  McCabe  [1985]  for  related 
literature).  While  the  importance  of  short  waves  in  remote 
sensing  is  widely  recognized,  the  dynamical  response  of  the 
short  waves  to  these  parameters  is  still  not  completely  under¬ 
stood,  partly  owing  to  the  complexity  and  nonlincaritics  in¬ 
volved  in  the  theoretical  analysis  and  partly  because  of  the 
difficulties  involved  in  making  in  situ  measurements  of  such 
short  waves  in  the  ocean.  Only  a  handful  of  field  programs 
have  been  reported  over  a  span  of  about  30  years  [Cox  and 
Munk,  1954,  1956;  Hughes  et  al.,  1977;  Lubard  el  al.,  1980; 
Evans  and  Shemdin,  1980;  Tang  and  Shemdin,  1983],  Some  of 
the  important  observations  from  the  sun  glitter  experiment  of 
Cox  and  Munk  arc  as  follows:  (1)  The  probability  distribution 
of  the  cross-wind  slope  component  is  nearly  Gaussian.  The 
distribution  of  the  upwind  component  sea  surface  slopes  is 
skewed.  The  skewness  increases  with  wind  speed.  The  pcak- 
ncss  factor  is  found  to  be  slightly  higher  than  Gaussian  distri¬ 
bution,  but  only  barely  above  the  limit  of  observation  error. 
(2)  The  primary  axis  of  the  slope  distribution  is  closely  aligned 
with  the  wind  direction.  (3)  The  ratio  between  the  variance  of 
cross-wind  and  upwind  slope  components  (an  indicator  of  the 
directional  distribution  of  short  waves)  ranges  from  0.54  to  1.0 
with  a  mean  value  of  0.75.  (4)  The  mean  square  slope  increases 
linearly  with  wind  speed.  (5)  Oil  slicks,  which  tend  to  suppress 
the  shorter  waves,  reduce  the  mean  square  slope  by  a  factor  of 
2  to  3  and  reduce  skewness  but  leave  peakness  unchanged. 

Hughes  et  al.  [1977]  used  a  different  technique  that  derives 
the  sea  surface  slope  from  the  refraction  of  a  light  beam  pass¬ 
ing  through  the  air-water  interface.  Their  results,  obtained 
from  an  instrument  mounted  on  a  moving  ship,  arc  essentially 
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in  agreement  with  the  observations  of  Cox  and  Munk.  The 
detailed  statistical  characteristics  and  wind  dependence  of 
short  waves  derived  from  their  study  are  similar  to  what  is 
summarized  above  for  Cox  and  Munk. 

More  recently,  and  in  support  of  remote  sensing  of  the 
ocean  surface,  a  series  of  wave  follower  sea  surface  slope  ex¬ 
periments  were  executed  to  compare  with  radar  return  from 
the  sea  surface.  Among  these  were  the  West  Coast  [Lubard  et 
al.,  1980],  Marineland  [Evans  and  Shemdin,  1980],  and  Marine 
Remote  Sensing  (MARSEN)  [Tang  and  Shemdin,  1983]  exper¬ 
iments,  as  well  as  the  Tower  Ocean  Wave  and  Radar  Depen¬ 
dence  Experiment  (TOWARD)  being  reported  on  here.  The 
optical  devices  for  slope  measurements  used  in  those  experi¬ 
ments  were  based  on  a  similar  design  [Tobcr  et  al.,  1973] 
which  was  improved  in  the  years  that  followed.  The  optical 
slope  meter  was  mounted  on  a  wave  follower  device  designed 
to  maintain  the  instrument  at  a  fixed  distance  above  the  in¬ 
stantaneous  ocean  surface.  The  first  two  experiments  men¬ 
tioned  provided  only  preliminary  results.  There  was  no  dis¬ 
cussion  on  the  statistical  properties  of  the  wave  slope.  The 
MARSEN  data  [Tang  and  Shemdin,  1983]  provided  interest¬ 
ing  results.  Of  special  relevance  to  this  paper  is  the  classifi¬ 
cation  of  the  mean  square  slope  data  into  two  distinctive 
groups  in  relation  to  sea  state,  identified  as  “mixed  sea”  and 
"well-defined  peak”  conditions.  The  dependence  on  wind 
speed  of  the  data  in  the  second  group  is  similar  to  that  of  Cox 
and  Munk,  but  there  is  significant  deviation  from  the  es¬ 
tablished  wind  dependence  in  the  first  group  of  data.  Tang 
and  Shemdin  also  observed  that  the  probability  distributions 
of  the  upwind  and  cross-wind  slope  components  are  nearly 
identical  and  approximately  Gaussian.  The  lack  of  skewness 
in  the  upwind  slope  distribution  is  quite  different  from  the 
observation  of  Cox  and  Munk  [1954,  1956]  and  Hughes  el  al. 
[1977]. 

It  may  be  concluded  from  the  preceding  review  that  al¬ 
though  many  of  the  earlier  observations  of  the  shortwave 
characteristics  arc  confirmed  by  the  newer  experiments,  modi¬ 
fication  of  certain  fundamentals  seems  to  be  necessary  to  ac¬ 
count  for  the  dependence  of  short  waves  on  the  environmental 
conditions.  Recognizing  the  sensitivity  of  short  waves  in  re¬ 
sponding  to  changes  in  the  environmental  parameters,  the 
TOWARD  Experiment  included  in  its  suite  of  measurements 
a  complete  set  of  hydrodynamic  parameters  such  as  speed  and 
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Pig.  I.  Photographic  view  of  the  wave  follower  structure. 


direction  of  wind,  turbulence  properties  of  air  flow,  temper¬ 
atures  of  air  and  water,  and  dircctional  properties  of  swell  and 
internal  waves  in  additioiwtostlie  sea  surface  slopes.  This  data 
set  proves  to  be  the  most  complete  so  far  and  provides  a 
valuable  addition  to  the  existing  data  base  needed  for  investi¬ 
gating  shortwave  dynamics  and  related  processes  that  form 
the  foundation  of  remote  sensing  of  the  ocean  surface. 

In  the  next  section,  the  experimental  program  and  the  in¬ 
struments  used  for  the  measurements  are  described.  Section  3 
shows  the  ellects  of  swell  on  the  probability  distribution  of  the 
slope  components.  Section  4  discusses  the  ellects  of  wind 
stress,  atmospheric  stability,  and  swell  parameters  on  the 
mean  square  slope  Additional  discussion  and  concluding  re¬ 


marks  are  given  m  section  5.  The  results  related  to  the  slope 
spectrum  and  modulation  of  short  waves  by  long  waves  are 
given  m  separate  papers  by  Slwnulm  and  Hwang  [this  issue] 
andTIwang  and  Shemdm  (Modulation  ofshort waves  by  long 
sui face  waves,  submitted  to  Journal  ol  Fluid  Mechanics,  1988. 
also  Modulation  ofshort  waves  by  surface  currents.  A  numeri¬ 
cal  solution,  submitted  to  Journal  ol  Geophysical  Research. 
1988). 

2.  I'm  Exi’i  kimi  ni  al  Program  and 
Insirumi.niaiion 

The  TOWARD  Experiment  was  designed  to  provide  experi¬ 
mental  vcrilication  of  the  mechanisms  involved  in  radar 
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remote  sensing  of  the  ocean  surface,  especially  those  related  to 
the  synthetic  aperture  radar  (SAR).  The  optical  slope  measure¬ 
ments  discussed  in  this  paper  arc  a  part  of  the  extensive  data 
sets  acquired  to  provide  information  on  the  modulation  of 
short  ocean  waves.  For  a  complete  description  of  the 
TOWARD  plan  and  preliminary  results,  the  reader  is  referred 
to  Shemdin  et  at.  [1986«,  />]. 

To  facilitate  measurements  of  shortwave  quantities  in  the 
oceanic  environment,  the  relevant  sensors  were  mounted  on  a 
wave  follower.  The  wave  follower  assembly  was  installed  on 
the  south  extension  structure  of  the  Naval  Ocean  Systems 
Center  (NOSC)  tower  (Figure  1).  The  assembly  was  placed  7.0 
m  away  from  the  tower  structure  and  was  connected  to  it  by  a 
catwalk  (see  Figure  2).  A  set  of  instruments  (a  pressure  trans¬ 
ducer,  denoted  by  a  in  Figure  2,  and  a  two-dimensional  elec¬ 
tromagnetic  (em)  current  meter  shown  by  b  in  Figure  2)  were 
installed  at  the  bottom  of  the  fixed  structure  of  the  wave 
follower  assembly  to  provide  long  wave  directional  measure¬ 
ments. 

On  the  moving  frame  (also  referred  to  as  the  C  frame),  four 
instruments  were  mounted,  as  shown  in  Figure  3.  A  capaci¬ 
tance  gauge,  denoted  by  c  in  Figure  3,  was  used  as  an  eleva¬ 
tion  control  sensor.  This  sensor  provided  the  feedback  signal 
to  the  servo  system  to  maintain  the  C  frame  at  a  fixed  eleva¬ 
tion  with  respect  to  the  instantaneous  water  level.  A  two- 
dimensional  cm  current  meter  (d  in  Figure  3)  was  mounted  on 
the  lower  arm  of  the  C  frame  to  provide  information  of  the 
near-surface  current.  The  two-dimensional  optical  wave  slope 
sensor  (e  in  Figure  3)  and  the  optical  wave  height  sensor 
(Reticon  camera,  f  in  Figure  3)  were  used  to  measure  the 
slopes  and  height  of  the  short  waves.  The  light  source  for  both 


Fig.  2.  Wave  follower  structural  assembly.  A  pressure  sensor  (la¬ 
beled  a)  and  a  two  dimensional  cm  current  meter  (b)  arc  mounted  on 
the  fixed  frame  to  measure  long  swell  information.  Other  instruments 
mounted  on  wave  follower  instrument  frame  (c)  arc  shown  in  Figure 
3. 


Fig.  3.  Wave  follower  instrument  frame.  A  capacitance  gauge  is 
used  as  elevation  control  sensor  (labeled  c).  A  two-dimensional  cur¬ 
rent  meter  (d)  is  used  for  measuring  two  horizontal  current  compo¬ 
nents  near  the  water  surface.  An  optical  receiver  (e)  records  two 
surface  slope  components.  A  Reticon  camera  If)  records  vertical  dis¬ 
placement  of  water  surface,  using  a  Hc-Ne  laser  (g)  as  light  source. 

optical  sensors  was  the  10-mW  laser  (g  in  Figure  3)  mounted 
on  the  lower  arm  of  the  C  frame. 

The  wave  slope  sensor  was  calibrated  in  the  laboratory 
before  and  after  each  experiment.  Refraction  of  light  at  the 
air-water  interface  was  simulated  by  light  refraction  at  the 
air-glass  interface  (sec  top  inset  of  Figure  4).  The  magnitude  of 
the  refracted  angle  was  varied  by  moving  the  glass  lens  hori¬ 
zontally.  Changes  in  azimuthal  angle  ip  were  obtained  by  ro¬ 
tating  the  glass  lens  on  the  horizontal  plane  (sec  bottom  inset 
in  Figure  4).  A  typical  calibration  result  is  shown  in  Figure  4. 
Averaged  over  the  azimuthal  angles,  Figures  5a  and  5b  show 
the  calibration  curves  for  phase  I  (fall  1984)  and  phase  II 
(spring  1985),  respectively.  The  uncertainty  is  estimated  to  be 
the  lesser  of  +0.5°  or  +13%  in  water  surface  slope,  in  the 
range  0'  to  30”  based  on  phase  II  calibration  data  (eight  cali¬ 
bration  repetitions  in  phase  II  compared  with  two  repetitions 
in  phase  I).  The  design  and  the  operating  principles  of  the 
slope  sensor  arc  well  documented  [Tofrer  el  at.,  1973;  Palm, 
1975; -Palm  el  «/.,  1977;  Tantj  and  Shemdin,  1983]  and  will  not 


Fie.  4.  Laboratory  calibration  of  the  wave  slope  instrument  used  in 
TOWARD  1984-1986. 
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Fig.  5.  Calibration  of  the  wave  slope  instrument  in  («)  1984  and  (/») 
1985. 


be  further  elaborated  on  here.  More  than  100  hours  of  slope, 
current,  wave,  and  wind  time  scries  were  recorded  on  analog 
tapes  front  both  phases  of  the  experiment.  From  these  record¬ 
ings  about  20  hours  of  prime  data  were  digitized.  The  criteria 
for  selection  of  the  data  segments  to  be  digitized  were  based 
on  periods  of  aircraft  flights,  periods  of  stcrcophoto  sessions 
and  ranges  of  wind,  wave,  and  temperature  conditions 
[Hwang,  1986a,  &].  The  data  sets  presented  in  this  paper  rep¬ 
resent  a  typical  subset  of  the  digitized  data  but  covcnthc  range 
of  the  environmental  conditions  measured.  A  total  of  36  data 
segments,  each  5  min  long,  were  processed.  Table  1  lists  the 
related  parameters.  The  symbols  used  in  this  table  arc  as  fol¬ 
lows:  Ul0  is  wind  velocity  in  meters  per  second  at  10  m  above 
mean  water  surface;  ut  is  wind  friction  velocity  in  centimeters 
per  second  measured  by  the  dissipation  method;  0U  is  wind 
direction  in  degrees  relative  to  true  north;  r/L  is  the  dimen¬ 
sionless  Monin-Obukhov  stability  parameter;  Ta  is  air  temper¬ 
ature  and  Tw  is  water  surface  temperature,  both  in  degrees 
Celsius  (the  wind  and  temperature  data  were  supplied  by  G. 
Geernaert  in  tabulated  form;  for  further  information  on  the 
measurements  of  the  atmospheric  parameters,  see  Geernaert  et 
at.  [this  issue];  0SK  is  the  angle  between  swell  and  wind,  and 
0pw  is  the  angle  between  principal  axis  of  slope  vector  and 
wind,  both  in  degrees;  <i/2>  is  the  mean  square  surface  eleva¬ 
tion  in  square  centimeters;  <i/„2>.  <i/c2>  are  the  mean  square 
slope  components  in  the  principal  (discussed  in  section  3)  and 
cross-axis  direction,  respectively;  C/Ul0  is  wave  ago,  or  the 
ratio  between  the  phase  velocity  of  the  peak  component  of  the 
elevation  spectrum  and  wind  speed;  and  KA  is  the  longwave 
steepness. 


3.  Observations  From  the  Probability 
Distribution  Function 

It  was  observed  by  Co\  and  Munk  [1954,  1956]  and  Hughes 
et  at  [1977]  that  there  is  little  difference  between  the  orienta¬ 
tion  of  the  wind  direction  and  the  principal  axis  of  the  slope 


probability  distribution;  however,  inspection  of  the  present 
data  shows  that  such  is  not  the  case  for  the  TOWARD  envi¬ 
ronment.  Figure  6  gives  an  example  of  the  joint  probability 
density  function  (pdl)  of  wave  slopes  decomposed  in  the 
upwind  and  cross-wind  directions.  Deviation  of  the  principal 
axis  from  the  wind  direction  is  obvious.  Figure  6  further 
shows  clearly  the  asymmetric  characteristics  of  the  along 
(principal)  axis  component  compared  with  the  relatively  sym¬ 
metric  distribution  in  the  cross-axis  direction.  Using  these 
characteristics,  it  is  easy  to  find  the  angle  a  between  the  prin¬ 
cipal  axis  and  the  .v  axis  of  any  orthogonal  coordinate  system 
(.v..v)  from  the  following  equation, 


a 


tan  ‘ 


<v>  -  <»/*2> 


(1) 


where  <i/x2>,  <i/,.2>  are  the  variance  and  < is  the  covari¬ 
ance  of  slope  components  in  the  (.v,  y)  directions.  The  covari¬ 
ance  in  the  new  principal  axis  coordinate  system  (n,  c),  is  zero 
by  definition  of  cross-axis  synnnctricity.  The  variance  of  the 
slope  components  in  the  (»,  c)  coordinates  are  related  to 
<i;x2>,  <Vy2>  and  <i/ti/j.>  as  follows 

<»/„2>  =  <'/a2>  cos2  a  +  <i/,.2>  sin2  a  -  <»;.,»/,.>  sin  2a  (2) 
=  <»/v2>  si»2  *  +  <'/>2>  cos2  a  +  <i;ai/j.)  sin  2a  (3) 

where  a  is  the  angle  between  .v  and  u  axes. 

Figure  7  plots  (lpw  vs.  0S„,  where  0pw  is  the  angular  deviation 
of  the  principal  axis  of  the  joint  pdf  from  the  wind  direction 
and  05„  is  the  swell  direction  relative  to  wind  direction.  The 
information  of  the  orientation  of  the  principal  axis  of  the  joint 
pdf  was  not  available  from  Tang  and  Sliemdin  [1983],  and 
therefore  the  MARSEN  data  were  not  included  in  this  figure. 
Based  on  the  data  shown  in  Figure  7,  one  observes  a  tendency 
toward  increasing  0pw  with  0SW.  This  tendency  is  somewhat 
weaker  in  the  data  set  of  Cox  and  Munk  compared  with 
TOWARD.  It  is  possible  that  the  wave  age,  C,Vl0,  may  have 
some  effects  on  the  degree  of  shortwave  reorientation  from  the 
wind  direction.  As  is  shown  in  Tabic  2,  the  well-developed 
swell  system  in  TOWARD,  with  C/  V t0  in  the  range  2.5-6.6,  is 
distinctively  different  from  the  local  sea  conditions  that  pre¬ 
vailed  in  the  other  two  experiments.  Furthermore,  there  ap¬ 
pears  to  be  a  trend  of  symmetry  about  =  ±  90  ,  i.c.,  a 
maximum  reorientation  of  short  waves  occurs  when  the  swell 
is  perpendicular  to  the  wind  direction.  Since  radar  backscattcr 
is  sensitive  to  the  direction  of  short  waves,  it  is  important  to 
know  the  principal  direction  of  short  waves.  The  available 
data  suggest  that  swell  modification  is  not  small. 


4.  Mlan  Squari.  Slobl.  Ei  ii.cts  oi  Atmospiilric 
Stability  and  Swbll  Characteristics 
The  mean  square  slope  generally  increases  with  wind  speed. 
Lox  and  Munk  [1954,  1956]  suggested  the  following  linear 
relationship  based  on  their  sun  glitter  measurements. 

s  =  0.003  +  5.12  x  10"  JL/  ±  0.04  (4) 

The  wind  speed  U  (meters  per  second)  in  (4)  was  measured  at 
12.5  m  above  the  mean  sea  level.  The  environmental  con¬ 
ditions  they  tabulated  indicated  neutral  to  stable  atmospheric 
stratification,  and  a  (.short  fetch)  locally  generated  wind  sea. 
Hughes  et  al.  [1977]  used  a  laser  optical  instrument  mounted 
on  a  ship's  bow  to  measure  the  surface  slope  and  obtained  a 
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TABLE  1.  Summary  of  the  Experimental  Conditions 


File 

Start 

Time 

Cio. 

m/s 

»«, 

cm/s 

0,n 

deg 

-JL 

r  -r 

1  <1  1  IV» 

CC 

T 

CC 

deg 

<w 

deg 

ioJ<»r>, 

cm3 

K>W> 

ioW> 

c/t/10 

KA 

1 

S04230a 

1500 

3.01 

6.0 

299 

0.31 

March  21,  1985 
1.2  13.4  -26 

-45.2 

53.40 

6.719 

4.210 

6.32 

0.0155 

2 

S04230b 

1505 

2.91 

6.1 

303 

0.33 

1.2 

13.4 

-24 

-37.1 

32.70 

5.793 

3.294 

6.22 

0.0121 

3 

S04230C 

1510 

3.06 

6.5 

306 

0.35 

1.4 

13.2 

-28 

-51.9 

46.02 

5.802 

4.775 

6.43 

0.0144 

4 

S04232a 

1520 

2.72 

5.2 

316 

0.44 

1.5 

13.1 

-40 

-59.6 

37.46 

6.477 

4.048 

5.85 

0.0130 

5 

S04232b 

1525 

2.74 

7.2 

315 

0.42 

1.5 

31.1 

-41 

-64.7 

41.48 

6.311 

3.656 

6.88 

0.0137 

6 

S04232C 

1530 

2.52 

6.6 

314 

0.47 

1.5 

13.1 

-40 

-54.1 

45.98 

6.984 

4.262 

6.83 

0.0144 

7 

S 10003a 

1630 

5.70 

17.3 

218 

0.01 

March  25,  1985 
0.0  13.6  41 

4.4 

34.05 

19.46 

12.61 

2.94 

0.0178 

8 

SI  0003b 

1635 

5.51 

20.3 

220 

0.00 

0.0 

13.6 

57 

-9.0 

38.83 

27.70 

13.75 

2.84 

0.0190 

9 

S 10003c 

1640 

5.83 

25.0 

217 

-0.01 

-0.1 

13.6 

55 

-7.1 

38.80 

28.52 

13.75 

2.40 

0.0190 

10 

S10013a 

1730 

5.51 

22.0 

234 

-0.02 

-0.2 

13.6 

47 

5.0 

34.74 

27.56 

12.90 

2.66 

0.0180 

11 

Sl0013b 

1735 

5.44 

22.1 

231 

-0.01 

-0.2 

13.6 

41 

11.0 

45.30 

25.42 

13.36 

2.83 

0.0206 

12 

S10013C 

1740 

5.62 

25.3 

229 

-0.01 

-0.1 

13.6 

44 

9.0 

34.84 

29.71 

13.66 

2.87 

0.0180 

13 

S10015a 

1750 

5.57 

23.0 

228 

-0.01 

-0.1 

13.6 

47 

1.0 

43.15 

28.26 

13.10 

2.84 

0.0201 

14 

S10015b 

1755 

5.47 

22.5 

232 

-0.01 

-0.1 

13.6 

47 

3.4 

45.59 

30.38 

14.84 

2.80 

0.0206 

15 

810015c 

1800 

5.13 

17.7 

239 

-0.01 

-0.1 

13,6 

45 

5.0 

40.17 

27.57 

13.68 

2.85 

0.0193 

16 

SI 0034a 

1940 

4.07 

17.0 

170 

0.00 

-0.1 

13.7 

too 

47.1 

41.36 

15.35 

11.46 

3.80 

0.0196 

17 

S10034b 

1945 

3.90 

17.5 

171 

0.00 

-0.1 

13.7 

105 

47.8 

35.80 

16.39 

11.94 

3.83 

0.0183 

18 

S  10034c 

1950 

4.02 

17.5 

171 

0.00 

-0.1 

13.7 

104 

44.6 

50.41 

10.09 

12.23 

4.00 

0.0217 

19 

S 10040a 

2000 

5.00 

17.8 

155 

0.00 

0.0 

13.7 

120 

26.3 

37.19 

17.19 

11.76 

3.54 

0.0188 

20 

810040b 

2005 

4.53 

20.5 

151 

0.00 

0.0 

13.7 

120 

26.3 

42.63 

15.59 

11.04 

3.12 

0.0199 

21 

S 10040c 

2010 

4.59 

16.8 

168 

0.00 

0.0 

13.7 

114 

32.3 

37.74 

16.11 

11.02 

3.47 

0.0188 

22 

817213a 

1330 

5.36 

17.6 

221 

0.13 

March  27,  1985 
1.3  13.9  50 

26.5 

34.78 

9.998 

6.200 

3.75 

0.0149 

23 

S17213b 

1335 

5.12 

16.9 

223 

0.14 

1.2 

13.9 

59 

28.7 

22.26 

8.776 

5.014 

3.39 

0.0119 

24 

S17213C 

1340 

4.81 

16.1 

224 

0.16 

1.3 

13.9 

57 

31.1 

34.84 

9.615 

6.258 

3.54 

0.0119 

25 

S  17220a 

1400 

5.25 

19.9 

247 

0.06 

0.8 

13.9 

26 

-5.3 

30.61 

17.09 

5.398 

3.21 

0.0140 

26 

S  17220b 

1405 

6.60 

20.8 

243 

0.04 

0.6 

14.0 

33 

1.6 

35.43 

23.66 

7.471 

2.90 

0.0150 

27 

S  17220c 

1410 

6.59 

20.8 

230 

0.04 

0.5 

14.0 

37 

5.7 

25.99 

25.05 

8.172 

2.75 

0.0129 

28 

SI 7223a 

1630 

5.26 

17.0 

254 

0.08 

0.8 

14.0 

35 

-4.3 

38.53 

16.25 

6.197 

3.52 

0.0157 

29 

S17223b 

1655 

5.04 

16.6 

256 

0.10 

0.9 

14.0 

26 

2.2 

27.20 

17.31 

6.203 

3.45 

0.0132 

30 

S  17223c 

1680 

5.48 

16.8 

260 

0.01 

1.0 

14.0 

24 

6.3 

21.60 

15.04 

5.899 

3.58 

0.0117 

31 

SI  7230a 

1500 

5.71 

19.1 

255 

0.12 

1.3 

14.0 

32 

8.0 

25.65 

12.91 

5.710 

3.32 

0.0128 

32 

SI  7230b 

1505 

5.13 

16.9 

258 

0.14 

1.3 

14.0 

35 

4.4 

33.71 

15.55 

5.900 

3.31 

0.0147 

33 

S17230C 

1510 

5.16 

15.3 

259 

0.14 

1.3 

14.0 

32 

8.3 

30.28 

13.46 

5.665 

3.18 

0.0139 

34 

S  17233a 

1530 

4.58 

12.8 

254 

0.20 

1.5 

13.9 

27 

0.0 

31.27 

8.578 

5.606 

3.54 

0.0141 

35 

SI  7233b 

1535 

4.42 

14.8 

259 

0.18 

1.5 

13.9 

26 

-1.8 

34.13 

8.936 

5.198 

3.98 

0.0147 

36 

S17233C 

1540 

4.82 

12.9 

259 

0.19 

1.5 

13.9 

21 

-6.2 

22.48 

8.848 

5.675 

3.69 

0.0120 

similar  linear  relationship.  The  conditions  of  long  waves  was 
not  listed  in  their  study.  They  noted,  however,  that  the  fetch 
was  generally  short  (mostly  less  than  17  km  except  for  one 
ease  with  a  fetch  of  77.5  km).  Further,  the  air-sea  temperature 
difference  during  their  experiment  was  consistently  positive 
and  stable.  Tang  and  Shcnulin  [1983]  used  a  laser  optical 
instrument  mounted  on  a  wave  follower  to  measure  surface 
slope  from  the  Noordwijk  tower,  Netherlands.  They  found 
that  there  is  a  group  of  data  with  wind  speed  between  4  and  6 
m/s  with  mean  square  slope  2  to  3  times  higher  than  the 
results  from  other  experiments  in  the  same  range  of  wind 
speed.  Tang  and  Shemdin  stated  that  the  swell  condition  may 
be  contributing  to  the  observed  differences.  Notably,  they 
found  that  in  the  presence  of  a  swell  system  (wherever  double 
peaks  were  noted  in  the  surface  elevation  spectra  they  identi¬ 
fied  them  as  “mixed  sea”  condition)  the  measured  mean  square 
slopes  were  much  higher  than  those  shown  by  Cox  and  Munk. 
On  the  other  hand,  in  a  wind-sea  condition  (single  peak  in  the 
displacement  spectrum,  which  they  identified  as  “well-defined 
peak”  condition)  the  mean  square  slope  was  found  to  be  in 
good  agreement  with  the  data  set  of  Cox  and  Munk. 

Figure  8  presents  the  mean  square  slope  versus  wind  fric¬ 
tion  velocity.  Data  from  all  four  field  experiments  cited  above 
are  included.  Whenever  n*  was  not  reported  in  the  original 


report,  the  following  equation  for  the  drag  coefficient  C10  was 
used  to  convert  wind  velocity  to  ut  [Wu,  1980, 1982]: 

C,„  =  (0.8  + 0.65  U10)  x  10"3  (5) 

The  data  set  collected  during  the  TOWARD  Experiment 
displays  a  different  trend  of  wind  dependence  (inset,  Figure  8). 
The  mean  square  slope  increases  gradually  with  wind  friction 
velocity  at  low  wind,  followed  by  a  rapid  growth  near  ut  =  20 
cm/s  and  beyond.  Interestingly,  the  large  deviation  of 
MARSEN  data  from  those  of  Cox  and  Munk  and  Hughes  et 
al.  also  occurred  near  =  20  cm/s. 

In  the  following,  we  discuss  the  effects  of  swell  and  stability 
on  the  surface  roughness.  Since  the  data  set  of  Hughes  et  al. 
did  not  give  quantitative  swell  and  stability  information,  it  is 
excluded  from  the  subsequent  presentation.  The  data  set  of 
Cox  and  Munk,  collected  under  the  condition  of  wind- 
generated  sea,  is  used  as  the  reference  relationship  betweeii 
mean  square  slope  s  and  under  neutral  and  wind-sea  con¬ 
ditions.  The  following  equation  was  obtained  from  the  least 
squares  fit  of  their  data: 

s0=  10- 3  (11.0+  1.10  u*)  (6) 

where  ii*  is  in  centimeters  per  second. 
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Fig.  6.  An  example  of  llie  join!  probability  distribution  of  wave 
slopes.  Deviation  of  the  principal  axis  from  wind  direction  is  not 
trivial  when  wind  and  swells  are  not  colincar  (case  SI  7220). 

We  have  assumed  that  the  surface  tension  was  similar  in  all 
the  data  sets  considered,  since  surface  tension  of  clean  water 
varies  from  7.23  N/m  at  26’C  (typical  of  Cox  and  Munk’s 
experiment)  to  7  48  N/m  at  HTC  (the  lower  limit  of  the  other 
two  data  sets)  We  further  assume  that  the  deviation  of  s  from 
v0  is  from  the  effects  of  swell,  atmospheric  stability,  and  other 
factors,  and  that  the  different  effects  are  linearly  additive,  i.c., 

s  =  s0  +/,'  (stability)  +/2'  (swell)  +  •  •  ■  (7) 

or  normalizing  by  s0 

s,  =  s/s0  =  1  +/,  (stability)  +/2  (swell)  +  •  •  •  (8) 

Our  knowledge  of  the  functions /,  and/2  is  only  qualitative. 
For  the  first  function,/,,  we  expect  that  an  unstable  stratifi¬ 
cation  at  the  air-water  interface  enhances  the  momentum  ex¬ 
change  and  therefore  increases  the  surface  roughness.  For  the 
second  function,  /2,  conflicting  results  are  reported  in  the 
literature.  Analytical  studies  suggest  that  the  wave-induced 
current  and  wind  drift  tends  to  suppress  the  short  waves  by 
breaking  the  small  waves  prematurely  [ Banner  anil  Phillips, 


Fig  7  Dependence  of  the  angle  between  principal  axis  and  wind, 
0pvt,  on  the  angle  between  wind  and  swell.  (/,„.  Symbols  arc  crosses, 
TOWARD;  squares,  Cox  anti  Mimk  [1954],  diamonds,  Hughes  el  al. 
[1977], 


TABLE  2.  A  Summary  of  the  Representative  Environmental 
Conditions  for  the  Experiments  Cited  in  This  Paper 


Cox  and 
Munk 

Hughes 
et  al. 

Tang  and 
Shcmdin 

TOWARD 

U,  m/s" 

0.7-13.8 

3. 6-8.2 

3-12.7 

2. 5-6.6 

u.,  cni/s 

... 

10.6-28.9 

5.2-25.3 

C/U,  o 

0.4-6.5'’ 

... 

0.7-3.0 

2.4-8. 3 

KA 

0.10-0.34 

... 

0.03-0.08 

0.01-0.02 

Fetch,  km 

... 

4-16" 

... 

... 

R 

-0.03-12.5 

stable 

... 

-0.01-2.58 

-JL 

... 

... 

-0.02-0.47 

"Elevation  of  wind  speed  is  as  follows:  Cox  and  Munk,  41  feet 
(12.5  m);  Hughes  et  al„  19.5  m;  Tang  and  Shcmdin,  not  specified; 
TOWARD,  10  m,  calculated  from  (7(18  m). 

''Eighteen  out  of  23  of  Cox  and  Munk’s  data  points  have  CIU[U  < 

I. 

"Except  one  case  with  fetch  of  77.5  km. 


1974;  Phillips  anti  Banner,  1974],  However,  the  analysis  of 
Tang  and  Shcmdin  implied  increased  roughness  in  the  mixed 
sea  condition  in  the  presence  of  swell.  The  microwave 
measurement  of  Plant  anti  Wright  [1977]  did  not  show  any 
significant  clfccts  of  drift  current  on  the  short  wave  amplitude. 
On  the  other  hand,  laboratory  experiments  of  Mitsuyasu 
[1966]  and  Donelan  [1987]  provided  convincing  evidence  that 
shortwave  variance  is  reduced  by  addition  of  a  mechanical 
wave  train  to  the  wind-wave  system.  In  the  following  we  carry 
out  correlation  studies  of  the  normalized  mean  square  slope 
with  the  swell  and  atmospheric  stability  parameters. 

4.1.  Swell  as  the  Primary  Modifying  Factor 

First,  we  consider  the  swell  to  be  the  primary  factor  that 
modifies  the  relationship  between  the  mean  square  slope  and 
wind  friction  velocity  ut  Expecting  sr  to  be  closely  related  to 
certain  swell  parameters,  we  plot  in  Figure  9  sr  versus  C/Ul0, 
the  wave  age  of  the  dominant  swell.  It  is  customary  to  classify 
C/lr)0  <  1  as  the  wind-generated  sea  and  C/Uig  >  1  as  swel¬ 
led  condition  The  measurement  of  surface  slope  (which  is 


Fig.  8.  Mean  square  slope  versus  wind  friction  velocity  for 
TOWARD  data  (crosses).  Cox  anti  Munk  [I954J  (squares).  Hughes  et 
al  [1977]  (pluses),  and  Tang  and  Slieintlm  [1983]  (diamonds).  Note 
the  rapid  growth  in  the  range  of  ut  =  16-22  cm/s  of  TOWARD  data 
as  shown  in  inset. 
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Fig.  9.  Plot  of  the  normalized  mean  square  slope  s,  versus  wave  age 
C/Ul0,  Symbols  are  the  same  as  in  Figure  8. 


0.0  0.1  0.2  0.3  0.4 

KA 

Fig.  10.  Same  as  Figure  9  but  for  sr  versus  the  swell  steepness  KA. 
Symbols  are  the  same  as  in  Figure  8. 


primarily  contributed  by  short  waves)  presented  in  Figure  9 
indicates  that  the  presence  of  a  swell  system  can  either  en¬ 
hance  or  reduce  the  surface  roughness.  In  particular,  when  the 
wind  speed  is  low,  C/Ul0  >  3,  the  observations  indicate  a  re¬ 
duction  of  mean  square  slope  up  to  40%.  There  is,  however,  a 
narrow  region,  1  <  C/  L'10  <  3,  where  the  mean  square  slope  is 
significantly  higher  than  that  of  a  wind-generated  sea. 

A  complete  analysis  of  the  swell  and  wind  wave  system 
must  involve  not  only  the  interactions  of  the  air  and  water 
boundary  layers,  but  also  interactions  of  long  and  short 
waves.  Although  there  arc  repeated  reports  on  the  reduction 
of  short  waves  in  the  presence  of  a  swell,  there  is  little  agree¬ 
ment  on  the  mechanisms  that  contribute  to  such  an  effect. 
Plant  and  Wright  [1977]  disputed  the  small-scale  breaking 
mechanism  induced  by  wind  drift  and  orbital  velocity  suggest¬ 
ed  by  Phillips  and  Banner  [1974],  Donelan  [1987]  found  the 
growth  rate  of  wind-generated  short  waves  in  the  laboratory 
to  be  insensitive  to  mechanically  generated  long  waves.  He 
suggested  that  the  reduction  in  shortwave  energy  may  be  due 
to  a  detuning  of  the  resonant  condition  between  the  short 
waves  and  the  wind.  Such  a  mechanism,  while  plausible,  has 
to  be  verified.  The  suggestion  from  Figure  9  that  the  surface 
roughness  can  increase  in  the  presence  of  waves  has  not  been 
observed  under  laboratory  conditions.  Hwang  [1986b]  esti¬ 
mated  the  enhancement  in  surface  roughness  to  be  to  the 
domain  where  Cg  =  l/l0,  where  Ca  is  the  group  velocity  of 
swell. 

Figure  10  plots  sr  versus  KA,  the  swell  steepness.  Com¬ 
paring  Figures  10  and  9,  it  is  clear  that  these  two  parameters 
(C/(710  and  KA)  are  not  statistically  independent  in  the  three 
data  sets  available.  There  does  not  appear  to  be  a  clear  trend 
of  the  data  in  Figure  10  other  than  the  feature  discussed  pre¬ 
viously.  Future  experiments,  carried  out  in  a  controlled  envi¬ 
ronment  with  a  wide  range  of  C/Ul0  and  KA  values,  are 
desirable  to  identify  the  role  of  swell  in  the  modulation  and 
modification  of  the  statistics  of  short  surface  waves. 


4.2.  Stability  as  the  Primary  Factor 

Next  to  the  wind  friction  velocity,  here  we  consider  atmo¬ 
spheric  stability  to  be  the  primary  factor  influencing  the  mean 
square  slope.  Atmospheric  stability  is  generally  expressed  in 


terms  of  the  Monin-Obukhov  parameter, 


--  gK:<wXy 

L 


(9) 


where  L  is  the  Monin-Obukhov  length  scale,  K  is  the  von 
Kantian  constant,  w'  is  the  fluctuation  component  of  the  verti¬ 
cal  velocity,  Tu'  is  air  temperature  fluctuation,  and  <7^>  is  the 
mean  air  temperature.  When  only  the  air  and  water  temper¬ 
atures  are  reported,  '.vc  use  the  following  expression  (a  reduced 
Richardson's  number)  to  characterize  atmospheric  stability 


«;<X> 

where  <TW>  is  water  temperature.  Equations  (9)  and  (10)  allow 
mtcrcomparisons  among  the  different  data  sets  when  only 
temperature  data  arc  available.  The  TOWARD  data  show  the 
relationship  between  R  and  zjL  to  be  monotonic  and  smooth, 
as  is  shown  in  Figure  11.  The  normalized  mean  square  slope  sr 
(equation  (8)).  calculated  from  the  TOWARD  data  set,  is  plot¬ 
ted  versus  zjL  in  Figure  12.  A  reduction  in  the  mean  square 


lag.  II.  Comparison  of  the  two  stability  factors.  R  and  s,'L  Data 
Irom  TOWARD  show  smooth  and  monotonic  relationship  between 
the  two  parameters. 
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Fig.  12.  Same  as  Figure  9.  but  for  s,  versus  z/L;  data  are  from 
TOWARD. 


slope  (sr  of  less  than  1)  for  stable  conditions  (z/L  positive)  is 
evident.  The  reduction  is  approximately  linear  for  mildly 
stable  conditions  but  reaches  a  limit  at  (z/L)e  =  0.20,  For 
z/L  >  ( z/L)c ,  sr  docs  not  decrease  any  more.  For  unstable  con¬ 
ditions  there  is  a  sharp  increase  in  the  mean  square  slope.  The 
range  of  z/L  in  the  data  set  is  very  limited,  however.  Figure  13 
plots  s,  versus  R.  In  this  figure  both  data  sets  of  TOWARD 
and  Cox  and  Munk  arc  presented.  Both  data  sets  display 
similar  stability  effects  on  the  mean  square  slope.  From  these 
data  sets,  the  following  corrections  are  proposed; 


/,(r/L)  -  -24  z/L  -0.02  <z/L<  0 
/,(:/L)  =-1.8  z/L  0  <  z/L  <  0.2 
Uz/L)  =  -0.32  z/L  >  0.2 


or  in  terms  of  R, 


ft(R)  =  -  15  R 
UR)  =  -0.72  R 
UR)  =  -0.32 


-0.03  <  R  <  0 
0  <  R  <  0.5 
0.5  <  R  <  3.5 


(11) 


(12) 


The  „,ji. J  curves  in  Figures  12  and  13  correspond  to  equations 
',1 1)  a  id  (12),  respectively.  These  trends  are  similar  to  the  effect 
of  stability  on  momentum  transfer  at  the  air-water  (or  air¬ 
land)  interface  [A,  -min  and  Yaglom,  1971], 

The  dependence  of  radar  backscattcr  on  atmospheric  stabil¬ 
ity  has  been  noted  [ Gurnard  el  at.,  1971;  Keller  et  al.,  1985], 
Guinard  et  al.  [1971,  p.  1535]  compared  radar  measurements 
at  high  sea  states  for  various  air-sea  stability  conditions  and 
found  that  “the  effect  on  the  [radar]  cross  section  of  the  tem- 


zll 


Fig.  14.  The  effect  of  unstable  air-sea  interface  on  mean  square 
slope  (crosses),  compared  with  the  effects  on  the  radar  cross  section 
(diamonds)  and  wind  stress  (solid  curve)  reported  by  Keller  et  al. 
[1985], 


p.rature  difference  is  equivalent  to  a  change  in  wind  speed 
from  5  to  20  m/s.”  Unfortunately,  there  were  no  quantitative 
temperature  measurements  in  tnat  mission.  Keller  et  al.  ob¬ 
tained  a  unique  set  of  radar  measurements  under  unstable 
conditions  simultaneously  with  wind  and  temperature  mea¬ 
surements.  They  found  the  (relative)  radar  cross-section  to  in¬ 
crease  with  wind  speed  (or  wind  friction  velocity),  and  to  dis¬ 
play  a  distinctive  dependence  on  the  air-sea  temperature  dif¬ 
ference.  Their  results  show  that  the  cross  section,  normalized 
by  the  reference  cross-section  (i.e.,  radar  cross  section  corre¬ 
sponding  to  near-neutral  condition)  increases  steadily  with  de¬ 
creasing  z/L.  They  also  showed  the  increase  in  cross  sectict 
with  negative  z/L  to  be  stronger  than  the  corresponding  in¬ 
crease  due  to  wind  stress  (Figure  14).  These  observations  are 
consistent  with  the  observed  effects  of  stability  on  the  mean 
square  slope  noted  in  Figure  14. 

When  applying  the  atmospheric  stability  correction  (equa¬ 
tions  (II)  and  (12))  to  the  mean  square  slope  data,  the  swell 
effect  (/2  in  equation  (8))  is  found  to  have  a  weak  Dependence 
on  C/t/t0  Figure  15)  and  on  KA  (Figure  R).  Tile  large  in- 


Fig.  13.  Same  as  Figure  12,  but  for  x,  versus  R.  Symbols  arc  the  Fig.  15.  Normalized  residua!  mean  square  slope  after  stability  ad- 
Siimc  as  in  Figure  8.  justment  versus  C/Ut0.  Symbols  are  the  same  as  in  Figure  8. 
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at  the  air-water  interface  and,  to  a  lesser  degree,  with  the  swell 
conditions  at  the  experimental  sites.  On  the  basis  of  the  avail¬ 
able  data,  it  appears  that  the  surface  roughness  increases  sig¬ 
nificantly  whenever  a  slightly  unstable  stratification  prevails. 
There  appears  to  be  a  lower  bound  for  wave  suppression  due 
to  positive  atmospheric  stability.  The  enhancement  of  surface 
roughness  under  unstable  conditions  and  the  suppression 
under  stable  conditions  appear  to  exceed  the  corresponding 
enhancements  and  suppressions  of  wind  stress  and  radar 
return  under  equivalent  stability  conditions.  The  presence  of  a 
swell  system  appears  to  reduce  the  sea  surface  roughness,  but 
the  ell'cct  is  small  compared  with  the  influence  of  atmospheric 
stability.  The  direction  of  the  slope  vector  deviates  from  the 
direction  of  wind  owing  to  the  presence  of  long  waves.  The 
larger  the  wave  age,  the  more  effective  is  the  steering  of  short 
waves  away  from  wind  direction  by  the  long  waves. 


Fig.  16.  Same  as  Figure  15.  but  for  ,vr  versus  KA.  Symbols  arc  the 
same  as  in  Figure  8. 


crease  in  surface  roughness  in  the  MARSEN  Experiment 
['/’tint/  and  Shemdin,  1983]  under  "mixed  sea”  conditions  may 
have  coincided  with  unstable  atmospheric  conditions.  How¬ 
ever.  since  air  and  water  temperatures  were  not  reported,  this 
point  can  not  be  verified. 

4.3.  Other  Wind  Speed  Dependence  of 
Mean  Square  Slope 

H  it  [1972]  i  (.analyzed  the  data  of  Cox  and  Monk  [1956], 
By  arguing  that  the  wind  wave  spectrum  is  at  equilibrium  in 
the  shortwave  range,  he  suggested  tin.,  the  dependence  of  the 
mean  square  slope  on  wind  speed  is  logarithmic  and  can  be 
approximated  by 

s0  =  0.01  In  l/10  +  O.C^  Ul0  <  7  m/s 

(A') 

s0  =  0.085  In  Ul0  -  0.145  U I0  >  7  in  s 

The  division  of  data  into  two  separate  i  egions  is  believed  to  be 
caused  by  the  change  of  the  flow  regimes  from  hydro- 
dynamically  smooth  and  transitional  to  hydrodynamically 
rough  at  7-m/s  wind.  Replotting  the  mean  square  slope  versus 
wind  friction  velocity,  we  find  the  following  approximation  to 
be  reasonable; 

s0  =  0.010  In  it*  —  0.0010  ii*  <  26.?  cm/s 

(6') 

s0  —  0.1 16  log  ii*  —  0.132  ii*  >  26.3  cm/s 

The  computational  procedure  in  sections  4.1  and  4.2  were 
repeated  using  (6')  instead  of  (6)  in  the  normalizing  process. 
The  dependence  of  the  mean  square  slope  on  atmospheric 
stability  and  sea  state  parameters  are  found  in  this  procedure 
to  be  similar  to  the  results  already  presented  in  sections  4.1 
and  4.2.  This  lends  support  to  the  conclusions  derived  in  (his 
paper  as  being  insensitive  to  the  detailed  form  of  mean  square 
slope  dependence  on  \\  ind  speed  used, 

5.  Conclusions 

Recent  field  data  on  short  waves  from  the  optical  slope 
measurement  indicate  deviation  from  the  linear  (or  loga¬ 
rithmic)  dependence  of  the  mean  square  lope  on  wind  speed 
established  previously  [C<>,\  and  Mi-  '  .95 4,  Wit,  1972],  The 
deviation  is  found  to  be  correlated  with  the  stability  condition 
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During  the  Tower  Ocean  Wave  and  Radar  Dependence  Experiment  (TOWARD),  near-continuous 
measurements  of  the  wind  drag  were  conducted  using  the  dissipation  technique.  An  intercomparison 
between  these  measurements  and  direct  stress  magnitudes  using  a  sonic  anemometer  was  performed  over 
3  days  of  the  experiment.  The  results  indicated  that  the  dissipation  technique  compared  well  to  the 
directly  determined  values  when  conditions  were  steady  and  neutral;  otherwise,  the  dissipation  method 
performed  poorly.  When  neutrally  stratified  data  were  used,  the  drag  coefficient  exhibited  a  systematic 
dependence  on  both  surface  tension  and  wave  age. 


1.  Introduction 

The  determination  of  the  wind  stress  over  the  sea  on  fine 
spatial  and  temporal  scales  is  fundamental  to  operational  air- 
sea  modeling.  Wave  state,  boundary  layer  depth,  turbulence 
intensity,  waveguide  predictions,  and  signal  propagation  both 
above  and  below  the  interface  all  depend  to  some  degree  on 
the  magnitude  of  the  wind  stress.  The  physical  problem  of 
determining  the  wind  stress,  however,  is  not  dependent  only 
on  the  surface  layer  wind  shear  and  thermal  stratification; 
information  on  the  state  of  the  surface  wave  development 
must  also  be  known.  The  interplay  between  the  waves  and  the 
wind  stress  which  generates  and  maintains  the  energy  and 
slope  of  the  waves  is  both  complex  and  far  from  understood. 

Since  the  wind  stress  r  is  the  primary  momentum  source  for 
surface  wave  growth,  the  scatterometer  model  function,  which 
relates  the  wind  speed  to  the  radar  cross  section  <r0,  requires  a 
physical  model  of  the  air-sea  energetics.  The  cross  section,  in 
fact,  is  more  directly  related  to  the  wind  stress  [ Keller  el  al., 
1985],  and  it  is  both  a  theoretical  and  experimental  problem 
to  relate  the  stress  to  the  overlying  wind.  It  therefore  follows 
that  for  any  given  wind  speed,  variations  in  <r0  arc  due,  at  least 
in  large  part,  to  variations  in  the  drag  coefficient.  By  defini¬ 
tion,  the  wind  stress  (or  momentum  flux)  is  related  to  the  wind 
speed  through  a  drag  coefficient  CD  such  that 

x  =  pC„|U|U  (1) 

where  U  is  the  mean  wind  velocity  and  p  is  air  density.  The 
drag  coefficient  has  been  observed  by  many  investigators  to 
depend  on  wind  speed,  stratification,  and  wave  state  [ Bttsinyer 
el  al.,  1971 :  Geernaert  et  al.,  1986]. 

Measurements  of  the  drag  coefficient  have  been  reported  by 
many  experimentalists,  and  there  arc  currently  large  dificr- 

Copynglit  1988  by  the  American  Geophysical  Union 

Paper  number  8C0233. 

0 1 48-0227/88/008C-0233S05.00 


ences  between  the  suggested  C„  values  at  any  given  wind 
speed  [ Geernaert ,  1987]  (sec  Figure  1).  The  differences  be¬ 
tween  the  drag  coefficient  regression  equations  of  Figure  1  are 
thought  to  be  most  likely  due  to  sea  states  that  consistently 
differ  between  the  measurement  sites.  It  is  therefore  desirable 
for  current  field  investigations  of  the  wind  stress  to  include 
detailed  characteristics  of  the  surface  wave  field. 
Characterizing  the  wind  str<  ;  in  terms  of  bulk  weather  infor¬ 
mation  and  a  drag  coefficient  is  a  practical  method  for  provid¬ 
ing  wind  s'rcss  estimates,  and  as  Figure  1  implies,  the  drag 
coefficient  must  be  parameterized  with  bulk  wave  information 
as  well.  It  is  the  intent  of  many  field  investigators  to  determine 
both  theoretically  and  experimentally  the  nature  of  the  wave 
state  dependence. 

Direct  measurements  of  the  stress  require  that  the  covari¬ 
ance  between  the  turbulent  fluctuations  of  horizontal  and  ver¬ 
tical  wind  velocity  be  obtained.  However,  in  order  to  conduct 
such  a  direct  measure,  the  platform  must  be  steady  and  free  of 
flow  distortion,  and  as  a  consequence,  most  direct  drag  coef¬ 
ficient  calculations  are  based  from  low-flying  airplanes,  coastal 
masts,  and/or  towers  firmly  mounted  to  the  seafloor.  Since  the 
most  practical  platform  is  a  moving  ship,  an  alternative 
method,  the  dissipation  technique,  is  often  employed.  For  neu¬ 
tral  stratifications  and  moderate  to  high  wind  speeds  over  the 
open  ocean,  Fairall  and  Larsen  [1986]  and  Large  and  Pond 
[1981]  have  shown  close  agreement  between  the  dissipation 
technique  and  the  direct  covariance  method.  Measurements 
over  arctic  ice  floes  in  the  marginal  ice  zone  by  Guest  and 
Davidson  [1987]  have  similarly  shown  close  agreement.  How¬ 
ever,  for  largely  nonneutral  stratifications,  little  data  have  so 
far  been  collected  over  the  sea  to  validate  the  dissipation  tech¬ 
nique. 

During  the  autumn  of  1984  and  the  spring  of  1985,  the 
Tower  Ocean  Wave  and  Radar  Dependence  Experiment 
(TOWARD)  was  conducted  on  a  tower  2  km  offshore  of  San 
Diego,  California.  Becasc  the  wind  stress  is  a  key  element  in 
describing  sea  surface  energetics,  both  a  sonic  anemometer 


13,913 


13,914 


Geernaert  et  al.:  Wind  Stress  Measurements 


0  4  8  12  16  20  24  28 

WINDSPEED  (m/Mc) 


Fig.  1.  Distribution  of  the  neutral  drag  coefficient  with  wind 
speed  from  the  following  investigations:  1,  Large  and  Pond  [1981];  2, 
Smith  [1980];  3,  Smith  and  Banke  [1975];  4,  Geernaert  et  al.  [19876]; 
5,  Geernaert  et  al.  [1986];  6,  Sheppard  et  al.  [1972];  7,  Donelan 
[1982]:  8,  Kondo  [1975]. 


and  a  hot-film  system  were  included  in  the  data  collection 
package.  The  sonic  provided  direct  wind  stress  measurements, 
while  the  hot  film  was  used  to  obtain  estimates  of  the  stress  by 
the  dissipation  technique.  In  the  next  section,  a  summary  of 
the  basic  turbulence  theory  applicable  to  the  surface  layer  is 
presented.  In  section  3,  the  experiment  is  described.  The  re¬ 
sults,  which  include  both  the  comparison  between  the  sonic 
and  hot  film  data  and  the  dependence  of  the  drag  coefficient 
on  wave  state  will  be  presented  in  section  4,  while  in  section  5 
we  summarize  the  results  in  light  of  recommendations  for  fur¬ 
ther  research. 

2.  Basic  Theory 

The  vertical  profiles  of  the  surface  layer  wind  speed,  temper¬ 
ature,  and  humidity  over  the  sea  can  be  described  by  the 
vertical  turbulent  fluxes  of  momentum,  sensible  heat,  and 
latent  heat.  These  fluxes,  being  the  primary  mechanism  for 
atmosphere-ocean  momentum  and  energy  exchange  and  wind 
wave  generation,  may  be  evaluated  directly  by  performing  the 
covariance  between  fluctuating  variables  or  indirectly  by  the 
use  of  energy  and  variance  budgets  or  with  vertical  profiles  of 
mean  quantities. 

By  assuming  stationarity  and  an  averaging  time  long 
enough  so  that  the  vertical  velocity  approaches  zero  and  the 
ensemble  mean  is  approached,  the  flux  of  momentum,  t,  sensi¬ 
ble  heat  //,  and  latent  heat  E,  may  be  represented  directly  by 
the  following  relations: 


r/p  =  —  <i/V>i  —  <nV>/ 

(2) 

h  =  pc/yry 

(3) 

E  =  pL^w’q’y 

(4) 

In  a  coordinate  system  defined  where  V  =  0  while  remain¬ 
ing  at  the  bottom  of  the  Ekman  layer,  the  lateral  stress,  <t>'w’> 
is  small  relative  to  the  longitudinal  stress  <«W>.  However, 
since  the  atmospheric  boundary  layer  is  three-dimensionally 
turbulent  and  baroclinic  terms  are  often  important,  especially 
near  storms,  we  will  define  an  angle  0  such  that 

0  =  arctan  ( —  <uV>/<uV»  (5) 

We  will  assume  for  the  purposes  of  this  analysis  that  in  the 
long-term  average,  the  angle  0  is  close  to  0. 

Primarily  because  numerical  modelers  need  estimates  of 
surface  fluxes  based  on  available  weather  data,  the  bulk  aero¬ 
dynamic  formulations  were  introduced,  i.e., 

It/Pl  =  PCDU102  (6) 

H  =  pcpC„U i0(T0  -  Tl0)  (7) 

£  =  pL,,Ci.U  l0(q0  —  qi0)  (8) 

The  subscripts  0  and  10  represent  measurement  heights  in 
meters  above  the  surface.  The  bulk  exchange  coefficients  are 
CD  for  wind  drag  (the  drag  coefficient),  CH  (the  Stanton 
number)  for  the  sensible  heat  flux,  and  CE  (the  Dalton 
number)  for  the  latent  heat  flux.  The  surface  humidity  is  as¬ 
sumed  to  be  saturated  with  respect  to  the  sea  surface  temper¬ 
ature.  All  three  coefficients  have  magnitudes  of  the  order  of 
10"3. 


2.1.  Surface  Layer  Scaling 

Within  the  lowest  part  of  the  boundary  layer,  the  vertical 
gradients  in  the  wind  speed,  temperature,  and  humidity  are 
much  larger  than  the  corresponding  gradients  in  the  fluxes.  As 
a  consequence,  scaling  relations  were  developed  where  the 
fluxes  may  be  treated  as  “constant.”  The  “constant  flux 
layer,”  or  surface  layer,  may  be  characterized  by  a  wind  speed 
gradient  which  is  defined  as 


eU/8:  =  u*/k:  tf>M(z/L)  (9) 

where  the  function  has  been  evaluated  by  Businger  et  al. 
[1971]  in  the  form. 

4>s,(zlL)~(\-ot:IL)-'i*  z/L  <  0 

(10) 

tftJz/L)  =  I  +  P  z/L  z/L  >  0 


Panofsky  and  Dutton  [1984]  suggest  values  for  a,  ft,  and  k  to 
be  16,  5,  and  0.4,  respectively.  The  friction  velocity  u*  is  de¬ 
fined  according  to 

|t|  -  pu„2  (11) 


The  function  <pKI  requires  a  measure  of  the  stratification  which 
is  conventionally  defined  as  a  nondimensional  quantity  based 
on  the  height  above  the  surface,  z,  and  the  Monin-Obukhov 
length  L  such  that 


where  cp  is  the  specific  heat  of  air  at  constant  pressure,  L,,  is 
the  latent  heat  of  vaporization,  T  is  the  potential  temperature, 
1 1  is  the  specific  humidity,  and  u,  v,  and  tv  are  the  instanta¬ 
neous  longitudinal,  lateral,  and  vertical  wind  velocity  compo¬ 
nents.  Primed  quantities  indicate  perturbations  about  a  mean 
value.  By  convention,  the  wind  stress  is  defined  to  be  positive 
downward,  while  the  heat  fluxes  are  positive  upward.  Devices 
such  as  sonic  and  Gill  propeller  anemometers  and  fast  re¬ 
sponse  temperature  and  humidity  sensors  are  capable  of  di¬ 
rectly  measuring  these  fluxes. 


z/L=- 


ykzWT,/) 

7>,3 


(12) 


where  g  is  the  acceleration  due  to  gravity.  For  unstable  strati¬ 
fications,  z/L  <  0,  and  for  stable  flow,  z/L  >  0.  When  the  at¬ 
mosphere  is  neutrally  stratified,  z/L  =  0.  The  virtual  temper¬ 
ature  Tv  is  related  to  the  air  temperature  T  according  to 


Tv=  T(l  +0.61q)  (13) 


By  integrating  the  wind  profile  between  a  lower  limiting 
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height  z0,  which  is  also  called  the  roughness  length,  to  a  height 
z,  the  wind  speed  profile  is  obtained: 

U  =  «*/*( In  :/=0  -  <A)  (14) 

The  stratification  function  \p  is  an  adjustment  to  the  profile 
and  has  been  derived  by  Paulson  [1970]  for  unstable  con¬ 
ditions  to  be 

-  2  tan-1  +  n/2  (15) 

For  stable  stratifications,  an  empirical  parameterization  has 
been  suggested  by  Lo  and  McBean  [1978]  to  be 

=  —5  z/L  (16) 

By  combining  (2)  and  (11),  the  drag  coefficient  may  be  deter¬ 
mined  directly  according  to 

C0  =  («,/l/,o)2  (17) 

By  considering  the  wind  profile,  one  may  also  write 


Hiilmerfuss  et  al.  [1975],  who  implied  that  especially  during 
low  wind  speeds,  large  excursions  in  the  drag  coefficient  from 
typical  bulk  estimates  could  be  expected. 

Models  developed  to  explain  the  variations  of  C„  with  spec¬ 
tral  wave  parameters  have  been  reviewed  by  Geernaert  et  al. 
[1986],  Theoretical  approaches  that  consider  primarily  the 
characteristics  of  the  dominant  long  wave  include  models  pro¬ 
posed  by  Hsu  [1974]  and  Byrne  [1982],  Kitaigorodskii  [1973] 
derived  a  dependence  of  the  roughness  length  on  higher- 
frequency  wind  waves,  and  Donelan  [1982]  assumed  that  the 
drag  coefficient  could  be  partitioned  into  two  components, 
one  due  to  the  form  drag  over  the  primary  ocean  surface 
gravity  wave  and  the  second  component  due  to  the  roughness 
induced  by  shorter  wind  waves.  The  models  of  Kitaigorodskii 
[1973],  Hsu  [1974],  and  Byrne  [1982]  each  reduce  for  steady 
state  conditions  to  the  simple  Charnock  relation,  where  the 
relation  proposed  by  Cluirnock  [1955]  is 

-o  =  (22) 

and  the  Charnock  coefficient  a  has  a  value  of  the  order  of 
10‘2. 


CD  =  [k/(ln  z/z0  -  4>)Y  (18) 


Variations  in  CD  due  to  wave  state  are  usually  modeled  by 
relating  the  roughness  length  z0  to  particular  characteristics  of 
the  local  wave  field,  for  example,  wave  slope,  height,  or  age. 

For  the  purposes  of  the  analysis  presented  herein,  the  heat 
fluxes  were  estimated  according  to  the  bulk  method  by  defin¬ 
ing 


103C„=1.08  ;/L<  0 

103C„  =  0.83  ;/L  >  0 

103CE  =  1.3 


(19) 

(20) 


where  the  values  for  C„  and  CE  are  based,  on  data  reported  by 
Smith  [1980]  and  Anderson  and  Smith  [1981],  respectively. 

Since  the  measurements  of  the  drag  coefficient  must  be 
compared  with  the  results  from  other  investigations,  a  neutral 
stratification  counterpart  to  the  measured  drag  coefficient  has 
been  defined,  i.e.  >  (-DN’  where  CDN  is  related  to  CD  according  to 


C,w  =  (C„-I/2  +  </'A)-2  (21) 


2.2.  The  Wave  Influence 

The  evidence  for  a  wave  state  influence  on  the  drag  coef¬ 
ficient  may  be  classified  into  two  general  areas:  variations  in 
C„  due  to  wave  age,  where  wave  age  may  be  defined  either  as 
C0/U  or  C0/u*,  or  variations  due  to  short  wave  slope  and 
energy,  the  latter  of  which  is  dependent  on  the  surface  tension. 
Given  that  C0  is  the  phase  speed  of  the  dominant  wind  wave, 
many  data  sets  [ DeLeonihus  and  Simpson,  1986;  Graf  et  al., 
1984;  Davidson,  1974;  Geernaert  et  al.,  1986,  1987a,  6]  have 
shown  that  C„  is  larger  for  a  growing  sea  (young  wave  age) 
than  for  a  decaying  sea  (old  wave  age).  No  widely  accepted 
functional  dependence  of  C„  on  wave  age  has  yet  been 
derived. 

Measurements  of  the  drag  coefficient  in  the  presence  of  an 
artificial  slick  [Barger  et  al.,  1970]  indicated  that  the  attenu¬ 
ation  of  high-frequency  waves  by  the  reduction  of  surface  ten¬ 
sion  acts  to  dramatically  decrease  the  magnitude  of  the  wind 
profile's  roughness  length  and  consequently  reduce  the  drag 
coefficient.  Naturally  occurring  surface  tension  variations  over 
such  regions  as  the  North  Sea  have  been  investigated  by 


2.3.  The  Dissipation  Method 

While  the  direct  method  measures  the  fluxes  by  definition 
from  the  covariance  between  fluctuating  variables,  it  is  a  prac¬ 
tical  problem  to  conduct  measurements  from  either  unsteady 
or  moving  platforms.  Since  ships  have  motions  with  fre¬ 
quencies  that  are  significantly  lower  than  the  frequencies  in 
the  turbulent  wind's  inertial  subrange,  the  dissipation  tech¬ 
nique  was  introduced  as  a  viable  alternative  to  the  operational 
measurement  of  the  wind  stress  over  the  sea. 

Neglecting  molecular  diffusion,  the  turbulent  kinetic  energy 
(TKE)  equation  may  be  written  as 


de  du  di>  a 

-T-  =  -<»V>  -  -  <uV>  -  +  ±  <wT> 

at  dz  dz  T 


1  5<n>'p'>  5<iv'e> 

- r - r - r.  (23) 

p  dz  dz 

where  i.  is  the  dissipation  rate  of  TKE,  and  TKE  is  defined  as 

TKE  =  e  =  !«uV>  +  <i>V>  +  <wV»  (24) 

Assuming  that  the  angle  0  is  small,  and  noting  that  de/dt  is 
insignificant  when  compared  to  other  terms,  (22)  may  be  sim¬ 
plified  to  become 

<« V>  du/dz  =  g/T„WT„’>  -c-1  (25) 

where  the  imbalance  term  /  is 

I  =  <"’>'>  +  -r  <>'e>  j  (26) 

In  (26),  the  first  term  on  the  right-hand  side  is  the  pressure 
transport,  while  the  second  term  is  the  turbulent  energy  diver¬ 
gence.  The  quantities  <wT’>  and  <w'p>  were  measured  at  a 
single  height  over  land  by  McBean  and  Elliott  [1975];  their 
results  indicated  that  from  unstable  through  slightly  stable 
stratifications, 


<u-y  >/put  3  =  2.3  z/L  -  0.20  (27) 

<iv't !>/«*3  =  -2.3  z/L  +  const  (28) 

[after  Large,  1979].  Over  a  wider  range  of  stratifications, 
Wyngaard  and  Cole  [1971]  found  a  nearly  identical  depen- 
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donee  of  the  divergence  term  on  buoyancy,  i.e., 

<u>'c>/n„3  =  —2.5  z/L  +  const  (29) 

Subtracting  (29)  or  (28)  from  (27)  and  differentiating,  the 
imbalance  term  in  the  near-neutral  regime  over  land  is  near 
zero.  It  is  on  the  basis  of  this  assumption  that  the  imbalance 
term  is  often  ignored  and  current  operational  calculations  of 
the  wind  stress  based  on  the  dissipation  method  may  proceed 
[Large  and  Pond,  1981 ;  Boyle  et  al.,  1987],  For  the  sake  of  our 
discussion,  we  will  retain  the  imbalance  term  in  the  TKE 
budget  and  treat  the  errors  in  the  dissipation-derived  stresses 
in  terms  of  I. 

By  combining  (25)  with  (9),  (10),  and  (11),  one  may  easily 
write: 


50  Hz  in  our  case),  resulting  in  a  band-passed  variance,  au2, 
described  by 

<V  =  J  (fil//2 k)2'V,  -2li  -fr2'3)  (37) 

Since  a  2  represents  the  filtered  wind  variance  from  a  spec¬ 
trum  analyzer,  «  may  be  easily  calculated  and  u*  determined 
from  (32).  Given  that  the  quality  of  the  data  is  heavily  depen¬ 
dent  on  the  existence  of  the  —5/3  slope  in  the  spectral  power 
over  frequency,  each  data  record  included  a  plotted  spectrum 
so  as  to  guarantee  that  the  5-  and  50-Hz  sampling  limits  were 
well  within  the  inertial  subrange.  In  those  cases  where  this 
criterion  was  not  satisfied,  the  record  was  deleted  from  the 
data  set. 


«*3  =  kz(c  +  l)/4>t  (30) 

where  4>c  -  <fis<  -  " /L . 

Although  the  function  </>t  provides  a  reasonable  correction 
to  the  stress  for  diabatic  conditions,  particularly  when  the 
stratifications  are  near-neutral,  Kaimal  et  al.  [1972]  deter¬ 
mined  a  stability  function  based  on  experimental  data,  such 
that 

<f>*  =  (1  +  0.5|c/L|3,s)3/2  z/L  <  0 

(31) 

</>,*  =  (1  +  2.5 (z/L)2li)w  z/L  >  0 

where  they  assumed  that  (30)  could  be  rewritten  as 

1 1*3  =  k:  r./4>*  (32) 

It  is  easy  to  see  by  combining  (30)  and  (32)  that  the  term  / 
must  exhibit  a  weak  dependence  on  stratification  in  the  near¬ 
neutral  regime: 

l(z/L)  =  r.(4>c/4>*  ~  1)  (33) 

It  must  be  pointed  out  that  the  stratification  functions  for 
the  wind  profile  and  for  the  dissipation  technique  have  never 
been  determined  from  measurements  over  the  sea,  and  all  of 
these  relations  arc  based  on  experiments  conducted  over  land. 
An  important  difference  between  a  land  and  water  surface  is 
that  while  a  land  surface  remains  stationary,  water  waves  are 
generated  by  the  wind  stress.  Water  waves  additionally  propa¬ 
gate  and  interact  with  the  wind  by  producing  pressure  pertur¬ 
bations  that  vary  over  the  phase  of  the  moving  waves.  We 
used  (31)  and  (32)  to  operationally  determine  the  wind  stress 
during  TOWARD. 

The  dissipation  rate  is  determined  by  assuming  that  for 
frequencies  within  the  inertial  subrange,  i.e.,  for  frequencies 
above  2  Hz  and  a  sampling  height  of  20  m,  the  spectral  energy 
S  is  related  to  wave  number  k,  and  dissipation  according  to: 

i'(k;.)  =  ac2%-}/3  (34) 

where  a  has  a  value  of  0.52  [Wynyaard  and  Cote,  1971]. 

In  (34),  we  used  Taylor's  hypothesis,  i.e., 

k,  =  2  nf/U  (35) 

where  J  is  eddy  frequency  in  hertz.  Equation  (35)  may  then  be 
written 

S(f)  =  u(2n/U)'  S!3r.2l3f  ~  5/3  (36) 

Although  the  spectral  decomposition  of  the  horizontal  wind 
speed  will  yield  S  and  /and  consequently  e,  the  method  ap¬ 
plied  to  our  data  analysis  was  to  integrate  (36)  over  eddy 
frequencies  within  the  inertial  subrange  (bounded  by  5  Hz  and 


3.  Tim  Wind  Stress  Measurement  Program 

The  meteorological  measurements  were  collected  on  the 
Naval  Ocean  Systems  Center  (NOSC)  tower,  located  2  km 
offshore  of  Mission  Beach,  near  San  Diego,  California.  The 
tower  has  its  highest  level  at  approximately  1 1  m,  and  during 
TOWARD,  an  11-m  mast  was  mounted  above  the  tower  on 
its  north  end  and  was  rigidly  held  with  guide  wires.  Both  the 
wind  stress  measurements  with  the  sonic  and  the  stress  esti¬ 
mates  from  the  hot  film  were  based  on  instrument  locations  of 
22  m  above  the  surface.  Both  the  cup  anemometer  for  mean 
wind  speed  and  the  air  and  dew  point  temperature  sensors 
were  mounted  at  18  m  above  the  surface.  The  wind  vane  was 
located  at  17  m.  See  Figure  2  for  a  diagram  of  the  tower  with 
the  respective  locations  of  each  instrument. 

The  sonic  and  hot  film  systems  were  horizontally  mounted 
on  a  rotor  atop  the  mast  which  gave  remote  capability  of 
pointing  the  sensors  into  the  wind.  Predominant  winds  at  the 
NOSC  tower  were  from  the  northwest  (associated  with  the  sea 
breeze),  and  maximum  wind  speeds  were  generally  7  or  8  m/s. 
Owing  to  the  possibility  of  (low  distortion,  southerly  and 
southeasterly  winds  were  deleted  from  the  data  set.  At  the 
location  of  the  tower,  the  water  column  depth  was  approxi¬ 
mately  15  m,  and  wind  waves  generated  by  the  sea  breeze 
could  therefore  be  characterized  as  deepwater  waves.  Large 
swell  propagating  from  North  Pacific  storms,  on  the  other 
hand,  was  a  common  occurrence  and  could  generally  be 
characterized  as  steep,  shallow  water  waves.  Calibration  of  the 
hot  film  required  mean  output  voltages  as  a  function  of  wind 
speed.  The  procedure  was  conducted  many  times  during  the 
field  experiment  and  is  reviewed  by  Geernaerl  et  al.  [1987n], 
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Fig.  2  Orientation  of  the  Naval  Ocean  Systems  Center  tower 
with  the  location  of  the  meteorological  instruments  on  the  vertical 
mast. 
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The  data  collection  was  conducted  in  two  phases:  the  first 
phase  from  mid-September  through  early  November  1984; 
and  the  second  phase  from  mid-March  through  April  1985.  A 
detailed  summary  of  the  meteorology  conditions  and  the  ac¬ 
companying  dissipation-derived  stress  estimates  may  be  found 
in  the  work  of  Geernaert  et  al.  [1987a]. 

The  data  acquisition  system  included  a  Hewlett-Packard 
9825  computer,  which  was  used  to  record  5-minute  averages 
of  the  following  quantities:  wind  speed  and  direction,  air  and 
dew  point  temperatures,  sea  temperature  (at  3-m  depth),  and 
the  variance  of  the  voltage  corresponding  to  the  band-passed 
wind  speed  variance  within  the  chosen  inertial  subrange  fre¬ 
quency  limits  (5  and  50  Hz).  Plots  of  the  wind  energy  spec¬ 
trum  insured  that  the  —5/3  power  law  in  the  inertial  subrange 
was  not  contaminated  by  either  noise  or  nonstationary  con¬ 
ditions.  The  sonic  data  were  recorded  on  a  14-track  Honey¬ 
well  tape  recorder.  While  the  dissipation  measurements  were 
nearly  continuous  during  both  phases  of  the  TOWARD  ex¬ 
periment,  the  sonic  data  were  collected  only  during  selected 
period  of  interest.  The  compilation  of  the  stress  estimates  by 
both  methods,  in  addition  to  all  meteorological  variables,  was 
based  on  an  averaging  time  of  30  min. 

4.  Results 

In  the  first  subsection  of  the  results,  we  present  the  inter¬ 
comparison  between  the  u*  estimates  from  the  sonic  anemom¬ 
eter  (the  direct  method)  to  those  u*  estimates  derived  from  the 
dissipation  technique  (using  equations  (31),  (32),  and  (34)).  The 
second  subsection  will  describe  only  the  dissipation  it*  data, 
and  finally,  in  the  third  subsection,  inferences  of  wave  effects 
on  the  drag  coefficient  will  be  presented  using  TOWARD 
data. 

4.1.  Intercomparison  Between  Sonic 
and  Hot  Film 

The  compilation  of  3  days  of  u*  estimates  by  both  the  eddy 
correlation  (sonic  anemometer)  and  dissipation  (hot  film)  tech¬ 
niques  is  presented  in  Figure  3.  At  a  first  glance,  it  would  seem 
that  a  bias  is  evident,  i.e.,  ii*  by  dissipation  method  is  smaller 
than  the  it*  by  the  direct  method;  however,  under  closer  in¬ 
spection,  the  environmental  conditions  associated  with  much 
of  the  data  were  far  from  ideal. 

We  have  compiled  in  Table  1  the  time  series  of  the  wind 
speeds,  stratifications,  and  it*  estimates;  in  addition,  we  have 
calculated  the  ratio  of  the  u*  values  by  the  two  techniques 
with  the  corresponding  normalized  imbalance  terms  for  each 
data  record.  The  measured  imbalance  has  been  calculated  by 
rearranging  (30)  into  the  form 

/( meas)  =  n„3  <t>c/kz  —  r.  (38) 

Since  /(meas)  contains  an  inherent  stratification  dependence 
which  has  been  described  in  (33),  we  may  examine  the  effect  of 
nonstationaiity  in  the  atmospheric  surface  layer  and/or  wave 
field  on  the  dissipation  method  by  defining  a  residual  imbal¬ 
ance  as 

/(res)  =  /(meas)  -  I(z/L)  (39) 

I- or  the  purposes  of  this  study,  /(res)  has  been  normalized 
against  the  mechanical  production  term  (of  the  TKE  equa¬ 
tion),  i.e., 


Fig.  3.  Intercomparison  between  directly  measured  w*  values 
from  the  sonic  anemometer  to  calculated  u*  values  using  the  hot  film 
dissipation  technique. 


K  =  /(res  W^Jkz)  (40) 

The  perfect  correlation  between  the  direct  and  dissipation 
techniques  should  then  be  associated  with  a  value  of  /(res)  of 
0. 

The  3  days  of  simultaneous  sonic  and  dissipation  data  were 
unique  in  terms  of  the  differing  environmental  conditions.  On 
the  first  day  (March  25,  1985),  stratifications  were  in  general 
near  neutral.  The  wind  direction  was  additionally  observed  to 
gradually  shift  from  southwest  to  south-southeast  during  the 
course  of  the  afternoon.  With  no  major  changes  in  the  weather 
conditions,  the  dissipation  technique  produced  u*  estimates 
that  were  in  close  agreement  with  the  directly  measured  it* 
from  the  sonic  anemometer. 

On  the  second  day  (March  26,  1985),  the  environmental 
conditions  were  characterized  by  mostly  stable  stratifications, 
and  large  variations  in  the  magnitude  of  zjL  were  observed 
within  the  time  series  of  30-min  records.  There  was  addition¬ 
ally  observed  a  large  variation  in  the  wind  direction.  This 
second  day  is  generally  characterized  by  dissipation  u*  esti¬ 
mates  of  as  much  as  30';,.  less  than  the  direct  1 1*  measure¬ 
ments. 

On  the  last  day  of  the  intercomparison  (March  27,  1985), 
the  stratifications  were  again  very  stable,  but  the  wind  speed 
and  direction  were  both  steady.  The  comparison  yielded 
dissipation-derived  it*  estimates  underestimated  by  between 
15%  and  40%.  See  Figures  4,  5,  and  6  for  the  time  scries  of 
these  results. 

Although  it  appears  that  the  dissipation-derived  u*  esti¬ 
mates  are  of  high  quality  during  neutral,  steady  conditions, 
which  is  in  agreement  with  the  results  of  Large  and  Pond 
[1981],  a  stability  dependence  is  exhibited  in  both  the  re¬ 
sulting  /(res)  and  also  the  ratio  of  n*(diss)  to  «*(direct),  i.e.,  a 
consistently  small  value  for  the  ratio  during  stable  flow.  The 
full  set  of  a*  estimates  from  the  TOWARD  experiment  will  be 
presented  in  the  next  section  in  order  to  illustrate  the  stratifi¬ 
cation  bias. 
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TABLE  1.  Compilation  of  Statistics  for  the  Intercomparison  Between  the  Sonic  and  Hot  Film  Techniques 


Record 

Stop 

Date 

Hour 

Uio 

Wind 

Direction, 

deg 

zJL 

u* 

R 

Direct 

Dissipation 

1 

March  25 

1300 

6.48 

243 

0.068 

0.228 

0.216 

0.947 

0.137 

2 

March  25 

1330 

5.82 

240 

0.144 

0.159 

0.165 

1.038 

-0.103 

3 

March  25 

1430 

5.78 

240 

0.270 

0.135 

0.153 

1.133 

-0.388 

4 

March  25 

1530 

6.19 

230 

0.042 

0.223 

0.229 

1.027 

-0.078 

5 

March  25 

1730 

6.20 

225 

0.000 

0.209 

0.246 

1.177 

-0.631 

6 

March  25 

1800 

5.89 

230 

-0.024 

0.202 

0.221 

1.094 

-0.329 

7 

March  25 

1830 

4.33 

216 

-0.007 

0.180 

0.194 

1.078 

-0.256 

8 

March  25 

1900 

3.34 

186 

0.000 

0.179 

0.183 

1.022 

-0.069 

9 

March  25 

1930 

3.86 

175 

0.000 

0.170 

0.170 

1.000 

0.000 

10 

March  25 

2000 

4.59 

155 

0.005 

0.221 

0.180 

0.814 

0.455 

11 

March  25 

2030 

5.04 

153 

0.016 

0.200 

0.191 

0.955 

0.125 

12 

March  25 

2100 

5.18 

154 

0.014 

0.213 

0.200 

0.939 

0.168 

13 

March  25 

2130 

5.71 

150 

0.061 

0.182 

0.197 

1.082 

-0.247 

14 

March  25 

2200 

5.78 

155 

0.053 

0.208 

0.181 

0.870 

0.316 

15 

March  25 

2230 

5.91 

156 

0.109 

0.167 

0.152 

0.910 

0.219 

16 

March  26 

730 

3.59 

210 

0.013 

0.126 

0.131 

1.040 

-0.121 

17 

March  26 

830 

3.75 

233 

0.020 

0.207 

0.143 

0.691 

0.646 

18 

March  26 

930 

3.89 

215 

0.018 

0.229 

0.154 

0.672 

0.673 

19 

March  26 

1000 

3.71 

214 

0.009 

0.183 

0.145 

0.792 

0.493 

20 

March  26 

1030 

3.29 

224 

0.006 

0.148 

0.134 

0.905 

0.255 

21 

March  26 

1100 

3.63 

221 

0.023 

0.133 

0.135 

1.015 

-0.044 

22 

March  26 

1200 

4.56 

215 

0.013 

0.194 

0.130 

0.670 

0.682 

23 

March  26 

1230 

4.67 

220 

0.040 

0.173 

0.139 

0.803 

0.452 

24 

March  26 

1300 

4.58 

227 

0.015 

0.212 

0.168 

0.792 

0.488 

25 

March  26 

1330 

4.76 

244 

0.060 

0.176 

0.134 

0.761 

0.514 

26 

March  26 

1400 

4.96 

252 

0.058 

0.219 

0.148 

0.676 

0.638 

27 

March  26 

1430 

5.12 

260 

0.060 

0.230 

0.133 

0.578 

0.742 

28 

March  26 

1500 

4.27 

270 

0.094 

0.173 

0.108 

0.624 

0.680 

29 

March  26 

1530 

3.95 

260 

0.196 

0.133 

0.097 

0.729 

0.528 

30 

March  26 

1630 

3.78 

260 

0.332 

0.110 

0.084 

0.764 

0.468 

31 

March  26 

1700 

4.91 

275 

0.214 

0.145 

0.107 

0.738 

0.514 

32 

March  26 

1730 

6.39 

290 

0.154 

0.188 

0.134 

0.713 

0.558 

33 

March  26 

1800 

5.64 

280 

0.085 

0.184 

0.149 

0.810 

0.424 

34 

March  26 

1830 

4.35 

280 

0.020 

0.205 

0.122 

0.595 

0.761 

35 

March  26 

1900 

4.55 

275 

0.108 

0.110 

0.120 

1.091 

-0.266 

36 

March  26 

1930 

3.58 

272 

0.005 

0.173 

0.128 

0.749 

0.589 

37 

March  26 

2000 

3.24 

250 

0.000 

0.141 

0.129 

0.915 

0.234 

38 

March  26 

2030 

3.92 

230 

0.000 

0.155 

0.137 

0.884 

0.309 

39 

March  27 

1430 

6.28 

255 

0.110 

0.253 

0.193 

0.763 

0.495 

40 

March  27 

1500 

6.32 

256 

0.208 

0.212 

0.182 

0.858 

0.316 

41 

March  27 

1530 

5.49 

260 

0.372 

0.158 

0.135 

0.854 

0.316 

42 

March  27 

1700 

5.29 

265 

0.126 

0.230 

0.129 

0.561 

0.728 

43 

March  27 

1730 

5.36 

263 

0.215 

0.195 

0.106 

0.544 

0.721 

R  is  the  ratio  between  the  friction  velocities  determined  by  the  hot  film  and  sonic  techniques,  while  Ir  is  the  normalized  imbalance  term. 


4.2.  TOWARD  Drag  Coefficients  Using  the 
Dissipation  T echnique 

A  wide  variety  of  conditions  were  encountered  during  the 
TOWARD  experiment.  Three  cold  fronts  with  good  meteoro¬ 
logical  coverage  passed  through  the  San  Diego  region  on  Oc¬ 
tober  15-16,  1984;  March  18,  1985;  and  March  25,  1985.  A 
large  range  in  atmospheric  stratifications  was  additionally  en¬ 
countered.  Unfortunately,  only  a  small  portion  of  the  486 
30-min  data  records  collected  during  TOWARD  were  associ¬ 
ated  with  wind  speeds  exceeding  5  m/s. 

The  results  of  all  the  neutral  drag  coefficient  measurements 
were  determined  by  calculating  an  equivalent  10-m  height 
wind  speed,  and  adjustments  were  made  for  the  surface  layer 
stratification.  The  calculated  CDN  values  are  plotted  as  a  func¬ 
tion  of  the  10-m  height  wind  speed  in  Figure  7,  where  the 
range  in  stability  was  limited  to  |10  m/L|  <  0.8.  For  wind 
speeds  above  5  m/s,  the  encountered  stabilities  spanned  the 
range  —0.3  <  10  m/L  <  0.5. 


Because  the  residual  imbalance  terms  (in  section  4.1)  seemed 
to  exhibit  a  dependence  on  stratification,  we  chose  to  examine 
the  dependence  of  the  dissipation  method  on  the  stratification 
by  plotting  the  neutral  drag  coefficient  CDN  against  the  stabili¬ 
ty  parameter  zjL.  Theoretically,  CDN  should  exhibit  no  stabili¬ 
ty  dependence,  and  any  resulting  stability  dependence  would 
imply  that  the  functions  </>A(,  4>*,  4>t,  and  ^  may  be  in 
question.  In  order  to  avoid  any  CDS  dependence  on  wind 
speed,  we  examined  the  CDS  dependence  on  z/L  over  narrow 
I  -m/s  wind  speed  bands. 

For  the  5-  to  6-m/s  wind  speed  band,  CDN  is  plotted  against 
zjL  in  Figure  8.  The  6-  to  7-m/s  band  is  similarly  presented  in 
Figure  9.  The  strong  dependence  of  CDN  on  z/L  is  consistent 
with  the  sonic-hot  film  intercomparison  presented  in  section 
4.1;  i.c.,  stresses  arc  underestimated  by  the  dissipation  tech¬ 
nique  during  stable  (low. 

By  successively  sorting  the  full  CDN  data  set  into  narrower 
stability  ranges  about  neutral,  means  and  standard  deviations 
of  the  neutral  drag  coefficient  over  the  encountered  wind 
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Fig.  4.  Time  series  of  meteorological  conditions  with  the  associ¬ 
ated  ratio  of  u  '(diss)  to  it*  and  the  residual  imbalance  term  (denoted 
as  7,)  for  March  25,  1985. 


speed  bands  were  calculated;  these  results  are  reported  in 
Table  2.  For  the  full  TOWARD  data  set,  the  stratifications 
were  on  the  average  slightly  stable,  and  as  a  consequence, 
estimates  of  the  mean  CM  for  each  wind  speed  band  increased 
as  the  range  of  stability  was  tightened  about  neutral. 

Low  wind  speeds  exhibited  the  largest  scatter  in  the  neutral 
drag  coefficients,  as  depicted  in  Table  2,  and  this  scatter  is 
consistent  with  maximum  uncertainties  and  errors  at  low  wind 
speeds.  A  criterion  for  accurate  surface  stress  calculations  is 
that  the  sensor  height  must  be  within  the  surface  layer.  For 
neutral  conditions,  Tennekes  [1973]  determined  that  the  sur¬ 
face  layer  height  is  approximated  as  0.03 ujf  where  /  is  the 
Coriolis  parameter.  Since  our  measurements  were  conducted 
at  22  m  above  the  surface,  neutral  wind  speeds  must  in  general 
be  greater  than  2.5  m/s  in  order  to  satisfy  this  criterion.  We 
arbitrarily  chose  our  lower  limiting  wind  speed  to  be  3.5  m/s 
in  this  study  for  better  assurance.  Further,  the  uncertainty  in 
the  u*  estimate  by  the  dissipation  method  depends  on  both 


LOCAL  TIME  ON  27  MARCH  1985 
Fig.  6.  Same  as  Figure  4  for  March  27, 1985. 

the  averaging  time  t,  measurement  height  2,  and  wind  speed 
U,  according  to  [after  Wyngaard,  1973] 

p *  =  2(z/fl7)I/2  (41) 

where  the  uncertainty  is  given  by  p*.  Given  that  2  =  22  m  and 
t  =  30  min,  a  3.5-m/s  wind  speed  corresponds  to  a  12%  uncer¬ 
tainty  in  the  u*  estimate. 

With  the  uncertainty  criteria  and  a  constraint  on  the  strati¬ 
fication  defined  as  |z/L|  <  0.05,  we  have  plotted  the  neutral 
drag  coefficients  as  a  function  of  wind  speed  in  Figure  10.  For 
the  data  associated  with  wind  speeds  above  4  m/s,  a  best  fit 
regression  line  was  found  to  be 

103CM  =  5/l/lo  +  0.07l/IO  (42) 

with  a  standard  deviation  of  0.38,  and  the  wind  speed  is  in 
units  of  meters  per  second.  These  predicted  CDN  magnitudes 
are  in  close  agreement  with  the  results  of  Large  and  Pond 
[1981]  and  Smith  [1980].  While  containing  only  low  to  mod¬ 
erate  windspeeds,  we  have  plotted  in  Figure  11  the  distri- 
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Fig.  7.  Distribution  of  neutral  drag  coefficient  measurements  by 
tltc  dissipation  method  as  a  function  of  the  wind  speed  at  10-m  height. 
The  486  Cas  data  records  are  based  on  30-min  averaging  times  and 
corresponding  to  wind  directions  from  westerly  through  northeast¬ 
erly. 

bution  of  the  sonic-derived  eddy  correlation  neutral  drag  coef¬ 
ficients  with  the  wind  speed  at  10-m  height. 

4.3.  Indications  of  a  CDN  Dependence 
on  Wave  Slate 

Using  only  the  subset  of  CDS  measurements  reported  in 
Figure  8,  very  little  stratification  dependenc;  should  be  exhib¬ 
ited  in  the  CUN  variability,  and  the  remaining  scatter  is  pre¬ 
sumed  here  to  depend  in  large  part  on  the  state  of  wave 
development.  Although  the  Charnock  relation  is  an  implicit 
relation  between  C„N  and  waves  (since  both  the  wave  field 
grows  and  z0  increases  as  a  result  of  the  downward  momen¬ 
tum  (flux),  several  dynamic  models  have  emerged  which  relate 
z0  and/or  CDK  to  specific  energy  densities  of  the  wave  spec¬ 
trum.  A  bulk  scaling  parameter  that  is  typically  employed  is 
the  wave  age  C0/u*,  where  C0  is  the  phase  speed  of  the  domi¬ 
nant  locally  generated  surface  gravity  wave.  Steady  state  con¬ 
ditions  have  an  associated  value  for  C0/u *  to  be  in  the  neigh¬ 
borhood  of  25-30.  Based  on  a  statistical  study  of  two  North 
Sea  experiments,  Geernaert  et  al.  [1987ft]  found  that  CDN 
scales  to  first  order  according  to  (C0/u„)“ J/3. 

For  a  typical  coastal  sea  breeze  circulation  (observed  in  the 
San  Diego  region),  the  wind  shifts  from  an  easterly  to  a  west¬ 
erly  direction  within  a  very  short  period  of  time,  and  the  wind 
speed  rapidly  increases.  The  seas  additionally  begin  to  grow 
with  the  onset  of  the  westerly  wind.  When  the  sea  breeze 
circulation  is  set  in  motion  and  the  steady  westerly  winds  are 
achieved,  the  surface  wave  spectrum  continues  to  grow  and 
asymptotically  approaches  equilibrium  with  the  wind  forcing. 


J/Uz  =  t0m) 

Fig.  8.  Distribution  of  the  calculated  neutral  drag  coefficient  by 
the  dissipation  method  with  atmospheric  stratification,  where  s  =  10 
m,  L  is  the  Monin-Obukhov  length,  and  wind  speeds  are  between  5 
and  6  m/s. 


Fig.  9.  Distribution  of  the  calculated  neutral  drag  coefficient  by 
the  dissipation  method  with  atmospheric  stratification,  where  z  =  10 
m,  L  is  the  Monin-Obukhov  length,  and  wind  speeds  are  between  6 
and  7  nt/s. 

As  the  spectrum  gains  energy,  the  peak  frequency  of  the  local 
equilibrium  range  decreases,  and  the  corresponding  phase 
speed  of  the  dominant  wave  increases  in  magnitude.  Since  the 
overall  evidence  for  CDS  variations  corresponds  to  variations 
in  the  inverse  of  the  ratio  ( C0/u *),  one  would  therefore  also 
expect  the  neutral  drag  coefficient  to  decrease  in  magnitude 
during  the  course  of  a  coastal  sea  breeze. 

During  TOWARD  the  trend  in  the  neutral  drag  coefficient 
during  the  afternoon  sea  breeze  at  the  NOSC  tower  was  gen¬ 
erally  consistent  with  the  above  hypothesis,  i.e.,  decreasing 
magnitudes  of  CM  with  time,  particularly  when  the  afternoon 
winds  exceeded  6  m/s  and  the  stability  was  near  neutral.  Illus¬ 
trated  in  Figure  12  is  a  time  series  of  neutral  drag  coefficients 
with  the  corresponding  meteorology  measurements  for  Oc¬ 
tober  18, 1984. 

Occasionally,  high-quality  measurements  of  the  microscale 
wave  structure  were  recorded  during  TOWARD.  However,  no 
adequate  time  series  of  wave  statistics  within  the  equilibrium 
range  was  available.  Since  the  wave  state  can  be  modeled  both 
as  a  function  of  time  duration  and  wind  forcing  based  on  bulk 
parameters,  the  behavior  of  the  drag  coefficient  during  the 
course  of  the  sea  breeze  may  be  predicted  by  applying  the 
relation  [after  Titov,  1971] 

«0=1.5KV)',/3  (43) 

where  t  is  the  time  duration  since  the  onset  of  a  steady  wind 
after  a  rapid  increase.  Since  C0  =  g/ w0,  the  neutral  drag  coef¬ 
ficient  must  scale  with  the  quantity  (gt,u*)~  Geernaert 
[1988]  has  generalized  the  time  duration  problem  by  treating 
the  wind  drag  through  the  roughness  length  such  that 

z0  =  10  m  exp  (-  1/15  tt„-4/y/18A'l/V/9)  (44) 

where  X  is  the  upwind  fetch.  Equation  (44)  is  based  on  incor¬ 
porating  (u0  as  a  function  of  the  dimensionless  fetch  [Hasset- 
niann  et  al.,  1973].  The  roughness  length  is  related  to  the  drag 
coefficient  through  (18). 

Equation  (44)  suggests  that  if  the  wind  rapidly  “turns  on,” 
as  it  often  does  during  the  daily  San  Diego  sea  breeze,  CDS 
should  be  initially  large  but  should  decrease  with  time,  which 
is  consistent  with  the  CDS  time  scries  in  Figure  12.  We  have 
overlaid  in  Figure  12  the  predicted  distribution  of  CDN  with 
time  duration  for  X  =  25  km  and  U  =  7  m/s. 

Although  G0/u*  may  provide  a  first-order  description  of  a 
drag  coefficient  dependence  on  wave  state,  Barger  et  al.  [1970] 
showed  from  field  data  that  the  attenuation  of  high  frequency 
waves  by  an  artificial  surface  slick  dramatically  reduced  the 
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TABLE  2.  CDN  Versus  Wind  Speed  for  Different  Stability  Constraints 


Wind 

Speed,  m/s 

All  zJL 

Iz/LKO.l 

lz/LKO.05 

10*  Con 

N 

103  Con 

N 

103  CDN 

N 

2-3 

1.54  ±  0.73 

85 

2.02  ±  0.60 

24 

2.00  ±  0.48 

16 

3-4 

1.43  ±  0.72 

130 

1.86  ±  0.72 

50 

1.97  ±0.61 

38 

4-5 

0.96  ±  0.42 

109 

1.10  ±  0.37 

51 

1.17  ±  0.40 

27 

5-6 

1.02  ±0.43 

95 

1.16  ±  0.34 

59 

1.23  ±  0.36 

34 

6-7 

0.91  ±  0.40 

34 

1.00  ±  »'•  36 

18 

1.18  ±  0.48 

4 

7-8 

0.85  ±  0.41 

19 

1.16  ±  O.io 

8 

1.22  ±  0.39 

7 

8-9 

1.01  ±0.26 

9 

1.24  ±  0.14 

4 

1.35  ±  0.04 

2 

9-10 

1.45  ±  0.12 

4 

1.45  ±  0.12 

4 

... 

10-11 

1.48 

1 

1.48 

1 

... 

N  is  the  number  of  data  records  per  wind  speed  range. 


value  of  CDS.  In  that  study,  the  higher-frequency  roughness 
elements  were  shown  to  have  as  important  an  impact  on  the 
magnitude  of  the  drag  coefficient  as  did  the  form  drag  over 
longer  waves.  Surface  tension  variability  in  the  natural  envi¬ 
ronment  is  very  prevalent  during  low  to  moderate  wind 
speeds,  particularly  in  regions  of  biological  activity  and/or 
internal  waves.  Such  variability  not  only  influences  the  growth 
rate  of  short  waves  but  also  affects  the  dispersion  rate  for 
capillary  waves. 

During  TOWARD,  surface  tension  measurements  were  col¬ 
lected  at  3-min  intervals  during  selected  periods  [ Garrett , 
1986].  In  our  wind  stress  study,  the  surface  tension  measure¬ 
ments  were  averaged  to  produce  30-min  means;  these  values 
were  subsequently  matched  with  the  simultaneous  measure¬ 
ments  of  the  30-min  averaged  neutral  drag  coefficient.  The  set 
of  data  pahs  (CDN,  surface  tension)  was  then  reduced  by  re¬ 
quiring  that  |r/L|  <  0.05  and  by  specifying  wind  speeds  within 
the  range  of  4  to  6  m/s.  The  data  pairs  of  this  subset  are 
plotted  in  Figure  13. 

A  linear  best  fit  relation  between  CDN  and  surface  tension  G 
was  found  to  be 

103C„,V  =  1.17  +  C/„(G  -  72)  (45) 

where  C„  was  found  to  be  0.0363  cm2/dyn.  The  scatter  in  (45) 
was  determined  to  be  +0.242.  By  treating  the  42  CDN  data 
alone,  the  corresponding  mean  was  1.105  with  a  scatter  of 
±0.254.  The  95%  confidence  interval  for  the  slope  C„  was 
found  to  be  +.0242.  We  additionally  found  that  the  data 
supported  a  value  of  C31  to  be  positive  at  the  98%  confidence 
level.  The  positive  value  of  C3I  is  consistent  with  both  the 
results  of  Barger  et  al.  [1970]  and  the  wind  drag  modeling  of 


Fig.  10.  Distribution  of  measured  drag  coefficients  Cm  with  wind 
speed  for  |z/L|  <-.  0.05  and  z  -  10  m.  The  best  fit  line  is  103CUV  =  5/1/ 
+  0.071/. 


Kitaigorodskii  [1973]  and  additionally  follows  the  principles 
of  scatterometer  detection  of  the  surface  wind  stress  according 
to  variations  in  short  wave  slope. 

The  data  subset  comprising  the  analysis  of  CDIV  as  a  func¬ 
tion  of  surface  tension  was  derived  from  measurements  col¬ 
lected  both  in  the  autumn  (1984)  and  spring  (1985).  Sea  surface 
temperatures  in  the  spring  were  in  the  neighborhood  of 
13.0°±0.5°C,  while  in  the  autumn  the  sea  surface  temper¬ 
atures  were  18.0°  +  1.0°C.  Since  35  of  the  42  data  records 
were  collected  during  the  autumn,  we  analyzed  these  35  re¬ 
cords  separately  so  as  to  avoid  any  possible  temperature  de¬ 
pendence  on  the  drag  coefficient  and/or  surface  tension.  For 
both  CDN  and  T,  temperature  effects  on  the  magnitude  of 
water  viscosity  have  a  significant  impact  on  the  growth  rates 
and  dynamics  of  capillary  waves  [Kinsman,  1965],  The  results 
of  this  analysis  at  a  nearly  constant  surface  temperature  of 
18°C  shows  a  similar  trend,  i.e., 

103COJV  =  1.18  +  CJG  -  72) 

where  C„  =  0.0356  cm2/dyn.  The  95%  confidence  interval 
about  C3I  was  determined  to  be  +0.0263  cm2/dyn. 

5.  Summary 

The  TOWARD  wind  stress  results  raised  high  uncertainty 
in  employing  the  set  of  equations  based  on  the  dissipation 
method  when  stratifications  were  stable  and/or  when  the 
lower  atmosphere  was  unstationary.  However,  during  homo¬ 
geneous  neutral  flow,  the  comparison  between  the  directly  de¬ 
termined  wind  stress  (by  the  sonic  anemometer)  and  the 
dissipation-derived  stress  (from  the  hot  film)  yielded  close 
agreement.  Drag  coefficients  determined  from  the  full 
TOWARD  set  of  dissipation  measurements  yielded  means 


Fig.  11.  Neutral  drag  coefficients  determined  by  the  eddy  corre¬ 
lation  method  distributed  according  to  wind  speed. 
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LOCAL  TIME  ON  18  OCTOBER  1984 

Fig.  12.  Time  series  of  neutral  drag  coefficients  and  weather  data 
during  a  sea  breeze  circulation  on  October  18,  1984.  The  overlaid  line 
represents  predicted  values  of  Cn%  based  on  a  25-km  fetch  and  time 
duration  after  a  sea  breeze  beginning  at  1300  LT. 


that  were  in  close  agreement  with  past  data  sets  only  if  the 
data  were  screened  for  stabilities  close  to  neutral.  These  results 
suggest  that  the  stratification  corrections  and  the  nature  of  the 
pressure  transport  and  energy  divergence  terms  of  the  TKE 
equation  need  to  be  investigated  in  a  comprehensive  field  ex¬ 
periment  to  be  conducted  over  an  ocean  surface.  The  utility  of 
such  an  investigation  will  provide  higher-quality  stress  esti¬ 
mates  using  the  dissipation  technique  for  stable  stratifications. 
Since  remote  sensing  of  the  ocean  surface  using  synthetic  aper¬ 
ture  radars,  scatterometers,  and  passive  systems  requires  infor¬ 
mation  on  the  wind  stress,  it  is  likely  that  dissipation  systems 
will  be  employed  routinely  on  buoys  and  ships  to  meet  the 
operational  needs  of  the  validation  programs. 

Using  only  near-neutral  and  moderate  wind  speeds  (at  least 
4  m/s),  the  dissipation-derived  drag  coefficients  exhibited  an 
increasing  dependence  on  surface  tension.  This  dependence 
was  found  to  be  consistent  with  the  results  of  Barger  el  al. 
[1970]  and  the  modeling  efforts  of  Kitaigorodskii  [1973]. 
Since  the  scatterometer  predicts  smaller  values  of  u*  for  small 
short  wave  slopes,  the  CDN  trend  with  surface  tension  is  con¬ 
sistent  with  the  scatterometer  model  function  which  predicts 
u*.  The  observed  decrease  of  CUN  during  the  course  of  the  sea 
breeze  is  consistent  with  the  simultaneous  increase  in  the  pa¬ 
rameter  C0/ti*  which  was  modeled  with  time  duration. 


SURFACE  TENSION  (dyneslcm*! 

Fig.  13  Distribution  of  C„,v  with  surface  tension  where  wind 
speeds  are  between  4  and  6  in.'s  and  |I0  m/L|  <  0.05.  The  best  fit  line 
is  10JC,n  -  1.17  +  0.038(6  -  72 dyn/cm)  +0.24. 
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